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Introduction

Industrial robots are being used more and more in many fields of industry 
where they are replacing human operators engaged in onerous, repetitive, or 
potentially hazardous jobs. A particular point in favor of robots is that they 
can be taught to do jobs which are not amenable to automation or mechaniza
tion through conventional approaches. Robot systems are certainly only one 
of the many possible means of automating and simplifying the production 
process. They pave the way to a qualitatively new stage of automation, namely, 
the development of production systems which would require a minimum human 
attendance.

One of the main advantages of industrial robots is that they can be quickly 
reprogrammed to undertake tasks that differ in sequencte and character of mani
pulation steps. Robots are therefore most cost-effective in conditions of frequent 
product changes and in automation of jobs requiring manual unskilled labor. 
A major share of the products of the metal-working and machine-building 
industries come in low-volume batches. It is essential to evolve automatic 
assembly machines suitable for short and medium production runs. Of no less 
importance is to ensure fast retooling of automatic lines and putting them on 
stream as fast as possible.

Industrial robots can be harnessed to handle not only the main tasks but 
also auxiliary ones, which explains why they are generating ever greater in
terest.

From 1970 to 1980, the total world stock of machinery loosely called indu
strial robots increased 25-fold to number 25 000 units. The areas of application 
of robots extend with each passing year. Robots mostly service press-forging 
and foundry equipment, and also machine tools. The use of robots for welding, 
painting, and coating operations continues to extend. In the last few years the 
number of robots working at assembly jobs has increased.

One of the main causes of the intensive development of robotics is the need 
to increase productivity in manufacturing. In comparison with conventional 
automatic means, robots offer greater flexibility in solving technical and orga
nizational problems and shorten the time needed to complete and adjust auto
matic systems, and put them into service.

In deciding on whether to use robots, industrial safety and working conditions 
should be given prior consideration. This is particularly the case where condi
tions are harmful or hazardous to the health of workers.

To sum up, industrial robots will most likely be used more and more to achieve 
the following:

— raise the quality and volume of products, with a minimum of labor force 
employed, owing to a decrease in the production time and reproducible perfor
mance of robots which are not subject to fatigue; increase the life of the equip
ment; improve the current production processes and create innovative high
speed production processes and equipment;

— improve working conditions by relieving people of stultifying, repetitive, 
tedious,' Kazfcrdous tasks; increase the safety of industrial labor; decrease the 
loss in man-hours due to occupational trauma and industrial diseases;

— decrease labour requirements.
Science and technology are likely to find new ways of developing advanced 

robots and robotized systems to attain these goals.



Chapter I

Terms,
Definitions, 
and Classification

1.1. BASIC CONCEPTS

Industrial robots (IRs) belong^ to 
a wide class of automatic machines. 
By definition, the robot is a reprogram
mable manipulator, i.e. a device con
sisting of a programmable memory 
unit and the manipulator proper.

The manipulator (M) is an operator- 
controlled or automatic device inten
ded to simulate the motion of the hu
man arm and perform the required fun
ctions.

The object of manipulation is a body 
moved in space by a manipulator. 
Objects of manipulation include work- 
pieces, parts, grasping mechanisms, 
and tools intended to carry out auxi
liary, measuring, machining, and other 
operations.

The method of manipulator con
trol (Fig. 1.1) most fully reflects the 
level of automation embodied in the 
design and the scope of manipulator 
application in various conditions. 
By the method of control, all mani
pulators can be classified as manual 
(control), automatic, and interacti
ve.

The manual manipulator is a de
vice controlled by the operator. Con
trol can be remote and/or direct.

USSR State standards define and 
single out a few basic elements com
prising the block diagram of a mani
pulator. These are as follows.

The master [control) element, which 
is a functional unit intended to shape 
control signals or execute control mo
tions.

The slave (working) element, which 
is a functional unit used to exercise 
the desired» action in compliance 
with the signals or control motions 
transferred from the control element.

The linking element, which trans

fers signals or motions from the cont
rol to the working element.

The end effector which is an end 
link (or links) of the working element 
designed to accomplish the task as
signed to the manipulator. End effe
ctors usually take tne form of hands, 
grippers, tools, or various pickups.

Manual manipulators can be either 
slave, push-button remote control, or 
semiautomatic, depending on the con
trol unit used

The slave manipulator js one in 
which the end efiector mimics the 
motions of the human arm’s wrist 
and hand. The master unit is kine
matically similar to the slave mecha
nism, which is commonly made com
plete with elements which convey to 
the operator the forces proportional 
to those experienced by the slave me
chanism.

The remote control manipulator is
a device in which the end effector is 
not coupled kinematically to the ma
ster unit, and each degree of freedom 
is controlled separately by means of 
buttons, handles, etc.

The semiautomatic manipulator has 
a control system with a handle which 
controls a few degrees of freedom and 
a minicomputer or a special calcula
tor which transforms signals from the 
handle into signals which control the 
motions of the actuating or working 
elements.

All manual manipulators differ 
from automatic manipulators in that 
they do not contain memory units 
and require constant control by the 
operator.

The automatic manipulator performs 
working functions without the opera
tor’s control. Automatic manipulators 
constitute the class of automatic ma
chines to which belong auto-opera-
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Fig. 1.1. Classification of manipulators by the method of control

tors, industrial robots proper, and in
teractive manipulators (IM).

The auto-operator such as a trans
fer arm is a nonreprogrammable auto
matic manipulator.

The industrial robot is a reprogram
mable automatically controlled ma
nipulator intended to handle a va
riety of tasks. A distinguishing fea
ture of the IR is that it can be quickly 
and rather easily reprogrammed to 
perform various functions by simply 
changing the sequence of commands or 
their content.

The interactive manipulator (IM), 
as itsnarae implies, is a robot which in
teracts with the operator. This robot 
automatically carries out tasks as it 
receives the commands from the ope
rator. In contrast to manual manipu
lators, interactive systems have me
mories for performing certain opera
tions. Depending on the scope of ope
rator’s participation, control of an 
IM can take one of two forms: (1) 
partially automatic, where automatic 
control modes alternate with manual 
control modes; (2) supervisory, where 
the entire sequence of operations is

done by the robot automatically in a 
few steps, but the shift from one step to 
the other can take place only after the 
operator issues the requisite command.

One of the varieties of interactive 
operation is a conversational mode 
which can assume different forms of a 
dialog between the operator and the 
control system in languages of any le
vel, including interaction by means 
of voice input, or in the form of a 
text, etc.

1.2. THE STRUCTURE 
OF AN INDUSTRIAL ROBOT

The block diagram of an IR'is shown 
in Fig. 1.2.

The program control system (CSV 
is intended to program the robot, and 
store, execute and verify the control 
program. The CS structure is given, 
in its general form, in Table 1.1. 
The control system may vary in stru
cture depending on the set of prob
lems to be solved.

The control of a robot is determined 
by its program.
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Fig. 1.2. Blook diagram of an industrial robot, basic design elements, and basic motions
1, track; 2, base; 3, body; 4, arm; 5, gripper; 6, working area and basic motions; ocx, di
rection of arm motion along longitudinal axis; yy, direction of robot motion along tracking 
line; zz, direction of arm motion up-down; q>x:y, angle of rotation of robot body about verti
cal axis zz; <pZ)C, angle of rotation of arm in vertical plane; <pyz, angle of rotation of gripper 
about axis xx\ 6 and (pyz, directions of fine motions: xx , zz, <Pcy, <Pzs, directions of gross 
motions; yy, global motion

The program is a full and accurate 
description in a specific formal lan- 

uage of the data processing proce- 
ure needed to solve the stated prob

lems.
The control program is a set of sim

ple instructions written in a specific 
formal language and arranged in the 
proper sequence of execution for sol
ving the stated problem.

In general, for a robot to perform 
itsjtask, it,is necessary to have infor
mation oh the correct sequence of 
program steps, the position of each 
coordinate axis, and the time needed 
to perform each individual program

step and control instruction (Table 
1.2). This information recorded by 
one method or another constitutes 
a control program. The material me
dium in which this program resides is 
known as the program medium.

The control program can be set up 
by means of mechanical analogs (stops, 
cams, etc.) and various commutators 
(pegboards, drums, patchboards, etc.) 
and stored in quick-change media 
(punched tapes, magnetic tapes, disks, 
etc.). The input devices intended to 
read the control program from quick- 
change recording media (punched 
cards and punched tapes) can be con-
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Table l . l  The Structure of the Control System

Unit Function to be performed

Program rea
der
Memory
Program
input
Program car
rier
Transducer 
Power drive 
Feedback

Comparator

Control
Control con
sole

Read the control program recorded on carrier containing all the infor
mation necessary for robot operation.
Store and release the entire control program or some of its instructions. 
Insert control program information into the memory for storage.
Record and store for a long time the control program on a data medium.
Transform the control program into the form necessary for control of 
the power drive.
Amplify the power of external action and transmit it to actuators of 
the IR and, if necessary, to the peripheral production equipment. 
Receive information from sensors on the environmental and functional 
parameters of mechanisms and systems of the IR and transform it 
into a form convenient for comparison of the values or these parame
ters with those specified by the program.
Compare the above parameters with control parameters and generate 
an error signal resulting from the discrepancy between the input cont
rol signal and feedback signal.
Control the operation of all components of the CS according to the 
program and the given mode of operation.
Enable the operator to prescribe the required mode of operation of the 
CS, monitor it, and enter the control program information directlye 
into the memory.

tact and contactless readers. Other 
input units are various magnetic sto
rages reading from magnetic tapes, 
drums, and disks. Control consoles 
and robot teaching controllers also 
serve as input devices; they can dire
ctly feed the control program into the 
memory of the control system.

Programming involves formula
ting the control problem for its solu
tion and entering the information on 
the control program into the memory 
of the CS.

Programming an industrial robot 
can be done by the following methods: 
(1) teaching (the most popular meth
od); (2) calculating the control pro
gram; (3) self-teaching. By the first 
method, the control program is esta
blished through a dialog between the 
CS and the human tutor who uses a 
manual control box to lead the robot’ 
through the sequence of desired posi
tions. The operator thus teaches the 
robot to perform the necessary opera
tions an*l subsequently store informa
tion in the memory of the CS. By 
the second method, the program is 
written at the computer center in one 
of the special-purpose languages (the 
ISO code, instruction repertory for

the computer, etc.) or in high-level 
languages. It can also be entered into 
the CS proper with the aid of a com
puter which evolves the program ac
cording to the operator’s directives. 
In the self-teaching method, the IR 
program is composed on the basis of 
the information analyzed by the sy
stem of environmental perception, 
the obtained data being subsequently 
stored and corresponding commands 
properly organized.

Storage of the control program im
plies keeping the program informa
tion in a memory for a definite time.

The size (capacity) of a memory (sto
rage) is the highest amount of infor
mation that can be stored in the me
mory unit. For numerical control (NC) 
systems, the memory size depends on 
the quantity of computer words or 
bits. For cycle control (CC) systems, 
the memory size is the maximum quan
tity of control commands. The size 
of the main (on-line) memory (MMJ 
is the maximum amount of control 
program information directly invol
ved in the current process of IR 
control operations. The size of an ex
ternal memory (EM) is the maximum 
amount of information that can be
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Table 1.2. Types of Information for Robot Control

Information on Content Method of memory organization

Sequence

Position

Time

Centralized infor
mation on se
quence, position, 
and time

A set of single operations to 
be done in successive steps 
and the sequence of these 
step?

Values of linear and/or an
gular coordinates of indivi
dual points representing 
each degree of freedom

Time required to accomp
lish each of the successive 
steps
Total set of information

Manually, with the aid of cams, peg- 
boards, drums, rotary or stepping 
switches, and other switching device. 
Semiautomatically, using punched ta
pes, punched cards or magnetic media. 
Automatically, by recording informa
tion on a magnetic tape, drum, core, 
disk, etc.
Manually, with the aid of mechanical 
8tops, interlocks, and limit switches; 
proximity switches, photorelays, etc.; 
command potentiometers mounted on 
the control panel of the CS. 
Automatically, by recording informa
tion on a magnetic tape, drum, core, 
disk, etc.
Manually, by setting up time intervals 
on the drum with stepping drive; with 
the aid of a time relay.
Automatically, using a time meter. 
Automatically, by recording informa
tion on a magnetic carrier; during 
programming, by calculating the pro
gram at the computer center; during 
programming, in the self-teaching 
mode

stored on a long-term basis in a pro
gram medium.

The process of reading the program 
implies retrieving information from 
the storage and transferring control 
signals to the working mechanisms of 
the IR.

Execution of the program means per
forming the operations by the IR 
in response to tne signals transmitted 
to the robot’s working mechanisms 
during program readout.

Depending on the type of informa
tion, memory organization can in
volve various methods (see Table 1.2).

The information system (IS) gathers, 
preliminarily processes, and transfers 
to the control system information 
both on the performance of the IR 
units and mechanisms (including the 
GS units) and on environmental con
ditions.

The IS enters the structure of the 
control system and includes a feed
back arrangement, signal comparator 
(SC), and a set of feedback sensors to 
serve a variety of purposes.

In its complete version, the IS 
can comprise three functional subsy
stems: (1) the environmental (outside 
world) information subsystem that ac
quires and processes data on the work 
environment where the robot performs 
its tasks; (2) the robot status (opera
tional) information subsystem that 
collects data on the state and perfor
mance of the units, mechanisms, and 
systems of the robot; (3) the safety 
subsystem. This division of the IS 
into subsystems is certainly conditio
nal since the same devices which inte
ract in the sensory and sensomotor way 
can both acquire information on the 
environment and control the perfor
mance of the robot itself, while the 
safety subsystem can function as the 
result of interaction of the first two 
subsystems.

The environmental information sub
system determines the functional possi
bilities of the robot and the comple
xity of the tasks assigned to it; this 
subsystem gathers information on the 
environment and monitors the state of
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the workplace and the equipment. De
pending on the method in which it 
interacts with the surrounding objects, 
the subsystem can be of either the 
remote (visual, or locating) or contact  ̂
(tactile) type.

Contact sensors serve to detect an 
object, determine the moment when 
the robot comes in contact with it, 
estimate the object dimensions, con
trol the force acting on the object, 
establish the readiness of the main 
production equipment for work with 
the robot to enable it to perform the 
assigned operations, and ensure opera
tional safety.

Remote (proximity) sensors perform 
the same functions. The advantage of 
these controls is that they are out of 
direct contact with the object and 
thus are not subject to external forces. 
But the absence of contact imposes 
some limitations on the usefulness of 
proximity sensors. Thus they do not 
enable accurate estimation of certain 
physical parameters of the object, such 
as the surface roughness, heat capa
city, and electric conductivity; they 
also create difficulties where there is 
a need to grasp delicate (deformable) 
objects and firmly hold and handle 
these objects.

The robot status information subsy
stem may contain various devices, de
pending on the tasks being performed:

— devices intended to estimate the
position and speed of motion of the 
robot’s reference coordinates, which 
monitor the actual state of the robot 
at each moment and compare the in
coming information with the refer
ence data on the required parameters 
of motion; ^

— interlocks to prevent damage to 
the robot’s mechanical system and to 
the equipment with which the robot 
interacts in the event of unforeseen 
malfunctions;

— devices for failure diagnosis and 
robot life prediction, which make it 
possible to define fault causes, fore
warn of imminent failures, cut down 
the robot repair time, and reduce the 
number of Jailures through preventive 
maintenance.

The sensing elements that provide 
operational information on the robot 
include limit switches, proximity

switches, photoelectric relays, pres
sure switches, and force and torque 
sensors. The elements of the environ
mental information subsystem can 
also provide operational information 
(for example, on the position of the 
coordinate axes of a robot in space as 
the detectors pass through reference 
points, on the course of the working 
cycle as they send signals from ex
ternal machinery). Where a robot has 
servomechanisms with feedback loops, 
the devices suitable for evaluating 
the positions of working elements 
include potentiometers, synchros, re
solvers, various inductive sensors, pul
se generators, digital (coding) sensors, 
and other data transmitters. These 
devices provide the control system 
with information on the readiness of 
drives for work and other data apart 
from information on the linear and 
angular positions of the working me
chanisms.

The information system ensures 
the operation of a robot in three suc
cessively realizable stages: (1) the 
grasping stage, where the object of 
manipulation is grasped; (2) the han
dling stage, when the object is moved 
from one point to another; (3) the 
terminal stage. The latter embraces 
three primary objectives: (a) to reach 
the end position and orient the object 
relative to other objects in the working 
space; (b) to achieve reliable contact 
(interaction) of the object of manipu
lation or the end limb of the robot 
with certain objects in the environ
ment; (c) to ensure the necessary for
ces or torques on the end limb to per
form manufacturing operations. Each 
of these stages requires a different 
information source. The stage of gras
ping an object and the terminal stage 
are realizable under the control of 
the information system. The handling 
stage mainly requires devices to esti
mate the position and speed of motion 
of the reference coordinates constitu
ting the degrees of freedom of the 
robot and also interlocks to avoid da
mage to the robot and equipment.

The mechanical system (MS) enab
les a robot to perform motion functi- 
ons^and thus accomplish the tasks for 
which it has been designed. This sy
stem is often referred to as the mani-
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Table 1.3. Functional Block Diagram Elements and Symbols

Element, linkage Symbol Note

Link (limb) 1---------1 -

Fixed link (support) Motion absent

Fixed joint

Movable Joint allowing 
travel along rectilinear 
guides

/

Reciprocating motion (rectilinear pair 
of class V)

Screw movable joint
Reciprocating and interrelated rotary 
motions (rectilinear-turning pair of 
class V)

Cylindrical Joint Reciprocating motion and free rotary 
motion about the longitudinal axis 
(turning-and-sliding pair of class IV)

Planar hinged Joint

•fV Rotation about the lateral axis (revo
lute pair of class V)

Ball-and-socket pin Joint r * Rotation about two axes (revolute pair 
of class IV)

Ball-and-socket Joint \ Rotation about three axes (revolute 
pair of class III)

— o Clamping elements are paobile

t
End effector 1— o Clamping elements are in^pobile
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pulator proper. The MS is a steric 
mechanism with an open kinematic 
chain. In design, the MS consists of 
the following main units: supporting 
structures, drives, transfer mecha
nisms, working mechanisms, and end 
effectors (hands, grippers, pickups, 
and tools).

The slave (working) mechanism of 
an IR or M is an aggregate of movably 
joined MS links (limbs), designed to 
interact with the object of manipula
tion or the medium being treated. The 
mechanism that executes transferring 
(transportation) and orienting motions 
is known as the robot arm. If the links 
of the working mechanism are coupled 
only with revolute kinematic pairs, the 
entire set of these links forms an arm 
of the hinged type, or a revolute arm.

The end effector is a hand (or a grip
per) fastened to the robot arm’s wrist, 
which has to grasp, lift, and manipu
late objects. Since these objects can 
vary in size, shape, and mass, the end 
effectors belong to changeable elements 
of the robot or manipulator. As a 
rule, an IR comes complete with a 
set of standard grippers (for the given 
robot model) to nandle particular jobs 
at a work station.

The links that form the kinematic 
chain of the MS are joined together 
with kinematic pairs, the main types 
of which are shown in Table 1.3. The 
symbols of some linkages typical of 
manipulators and robots are the same 
as recommended in work1.

Most IR designs rely on the kine
matic pairs of class V, i.e. turning or 
rectilinear pairs which secure one deg
ree of freedom in the relative motion 
of either of the two movably joined 
links. A set of a few movable links 
imparts to the mechanical system a 
definite number of degrees of freedom, 
which is an important characteristic 
of the kinematic chain.

The number of degrees of freedom, 
W , of the kinematic chain is the num
ber of its basic motions relative to the 
link taken to be immobile1.

The number of degrees of freedom 
is foun£ from the Sosnov-Malyshev 
formula:'

W =  Qn — 5p5 — 4 p4 — 3p3
— 2 d.  —P* — Pi

where n is the number of mobile links 
inj  the kinematic chain; and plt p?» 
pL  P4 > and p5 are the numbers of ki
nematic pairs of classes I, II, III, IV, 
and V respectively.

For plain mechanisms,
Wpl =  3ai ir  2pb p4 (1*2)

For the kinematic chain made up 
of only the pairs of class V,

W = 6n — 5 Pb (1.3)
or

Rpi =  3/i — 2 ph (1.4)
In open kinematic chains to which 

belong the mechanical systems of IRs 
and Ms, the number n of movable links 
is always equal to the number of 
pairs: n =  pl -f- p 2 +  p3 +  p4 +  p5. 
Thus, for an IR or M,

=  Pb +  2p4 +  3p3 +  4 p2 +  5 pr
(1.5)

or for a plain mechanism,
^ ip l =  P5 + 2 p 4 (1.6)

The relative motions of the links of 
a robot’s mechanical system, which 
enable implementing the degrees of 
freedom, fall into three groups (see 
Fig. 1.2): fine (orienting), gross, and 
global (world) motions.

Fine motions are the movements of 
a gripper (a tool) comparable in dis
tance to gripper dimensions. Gross 
motions are the motions of the robot 
arm, which are comparable to the 
dimensions of the workplace (equip
ment being serviced). Global motions 
are the movements for distances ex
ceeding the dimensions of the IR itself 
and those of the workplace or the 
equipment being serviced.

The mechanical system of an IR 
can be divided into four structural 
elements which differ in the functions 
they perform and the character of mo
tions they execute: a base (stationary 
element) which can be, in particular, 
a supporting structure or a track; a 
body (a pedestal, or carriage); a 
mechanical arm; and an end effector 
(a gripper, for example).

Each of the four elements has the 
following number of degrees of free
dom: the base, W h =  0; the body,(1. 1)
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Wp >  0, such as a pedestal or carriage, 
which defines robot mobility; the 
mechanical arm, Wm >  1, which de
pends on the function of the robot; 
and the gripper, 0, which de
pends on the method of grasping an 
object and the type of design.

The maneuverability of an M is the 
number of degrees of freedom for the 
MS with the gripper held in a fixed 
position; it determines the scope the 
arm is given to pass by the obstacles 
in the working space and the capabi
lity of the M to carry out complex ope
rations.

The kinematic factor of service of a 
manipulator defines the ability of its 
gripper (end link) to approach the gi
ven point from various directions and 
gives us an idea of the motion capabi
lities of the M.

A set of the degrees of freedom 
imparted to a manipulator gripper 
(end link) enables it to occupy one 
position or another in a certain spatial 
area limited by particular connections 
and the lengths of the kinematic chain 
links.

A set of possible gripper axis posi
tions, in which the gripper center lies 
at the given point in the working 
space, determines the solid angle v, 
which we shall call the angle of ser
vice.

The ratio £ =  v /4ji defines the fa
ctor of service at the given point. This 
factor can vary from zero at the boun
dary of a working space (where the 
gripper axis can take only one posi
tion) to unity for points of the 100-% 
(total) service area (at these points 
the gripper axis can take any positi
on in space).

The total factor of service for an 
IR and M is taken as the mean of the 
factor £ in the working space of vol
ume V:

f= (l/K )  ( Id V  
&)

The total factor f  provides a means 
to qualitatively estimate the kinema
tic properties of the IR as a whole.

The calculations of the total factor 
of service and its values (£ j) at various 
points of the working space are done 
with computers.

Using the factor £ as a criterion for 
estimating the kinematic properties 
of an M, one can select the optimum 
variant of the block diagram of a ma
nipulating arm. The optimization pro
blem reduces to the choice of the 
lengths of the links, and the types and 
arrangement of kinematic pairs at 
which £ reaches a maximum.

Depending on the design arrange
ment of an MS, the arm of an IR or M 
can operate in the working space of 
one shape or another and execute mo
tions in various systems of coordinates.

The system of coordinate motions 
(the coordinate system) of an IR 
determines the kinematics of basic 
motions and the shape of the working 
envelope. The basic motions of an MS 
are all gross motions excepting the mo
tions of the gripper closure, fine mo
tions, and additional movements of 
the IR base.

There are two types of coordinate 
systems (Fig. 1.3): rectangular (carte
sian) ana curvilinear.

In the rectangular coordinate sy
stem (plane or space coordinate sys
tem) an object of manipulation is set 
at a definite point P through the re
ctilinear motions of the links of the 
robot’s mechanical system along the 
three (or two) mutually perpendicular 
axes.

The curvilinear coordinate system 
has the following most typical coordi
nates: plane polar coordinates (an 
object moves in one coordinate plane 
in the direction of radius vector r 
through angle cp); cylindrical coordi
nates defining the movement of an 
object in the main coordinate plane 
in the direction of r through <p, and 
also the movement along the normal 
z to this plane; spherical (polar) coor
dinates, where an object moves in space 
as the result of the linear motion of 
the robot arm for a distance r and its 
angular motions q> and 0 in two planes 
normal to each other.

A variety of the curvilinear system 
is the angular plane or space (cylind
rical and spherical) coordinate system 
characteristic of the motions of the 
multilink articulated arms of IRs and 
Ms.

In the angular plane coordinate 
system, an object moves in the coordi-
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Fig. 1.3. Coordinate systems in which the robot arm links execute basic motions («) ana examp
les of the functional block diagrams (6) corresponding to these systems
Designations: 1.1, rectangular plane coordinate system; 1.2, rectangular space coordinate 
system; 2.1, 2.2, 2.3, plane, cylindrical, and spherical polar coordinate systems respectively; 
3.1, 3.2, 3.3, plane, cylindrical, and spherical angular coordinate systems respectively

nate plane as a result of the relative 
rotation of the arm links of constant 
lengths. The angular cylindrical sy
stem includes an additional axis of dis
placement along the coordinate z 
normal to the main coordinate plane. 
In the angular spherical (revolute) 
coordinate system, an object moves 
in space only as the result of angular 
motions of the arm links of which at 
least one link can turn through angles 
q) and 0 in two mutually perpendicu
lar planes.

1.3. CLASSIFICATION 
OF INDUSTRIAL ROBOTS

The classification of robots by va
rious features important^) the identi
fication of particular robot types ap
pears in Fig. 1.4.

By purpose, all robots fall into a 
few classes, one of which is the class

of industrial robots intended for auto
mation of processes in mechanical en
gineering and other industries.

By the character of operations they 
have to perform, all IRs can be clas
sified in three groups: (1) manufac
turing or production; (2) auxiliary or 
handling; and (3) universal.

1. Manufacturing robots (MRs) 
carry out the main production opera
tions. They take direct part in the 
production and treatment processes, 
handling such tasks as bending, wel
ding, painting, and assembling.

2. Handling robots (HRs) are “pick-
and-place” manipulators which service 
main production equipment and per
form auxiliary jobs in the following 
sequence: lift-transfemplace. .Thus,
they place and remove w(frkpi0ces, 
parts, and tools, unload work stati
ons, load conveyors, handle materials 
in warehouses, and so forth.

3. Universal robots (URs) do vari-
2 - 0 8 2
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ous production operations, both main 
and auxiliary, and thus combine the 
features of the first two groups. It 
should be noted that the term “uni
versal robot” defines an industrial 
robot both by the character of opera
tions performed and by the degree of 
specialization (see below).

By the degree of specialization, han
dling or manufacturing robots are 
broken down2 into special, single
purpose (specialized), and multipur
pose types. The performance capa
bilities of a special IR are such that 
it can perform a definite production 
operation or service a particular enti
ty of the main production equipment. 
Single-purpose robots are designed 
to accomplish production operations 
of one type (welding, painting, assem
bling, or stacking) or to service many 
machines of the main production 
equipment that form an integral unit 
due to the generality of manipulation 
acts. Multipurpose robots perform va
rious main or auxiliary operations, 
including the operations whose acco
mplishment requires different types 
of working movements. The robots 
which can carry out both the main and 
auxiliary operations belong to the 
group of universal machines.

The performance capabilities of ro
bots depend largely on the type of 
control system employed and the cha
racter of program sequence execution. 
Most IRs are fixed sequence machines 
whose program of actions contains a 
complete set of data that is invariable 
during the entire cycle of operation. 
They do not have the facilities to ad
just the program to changes in the 
work environment.

Adaptable IRs take the desired ac
tion using information on objects and 
phenomena in the environment. They 
have sensory perception that enables 
them to correct the control program.

Flexible (integrated) IRs are capa
ble of working out the program of 
actions in the desired sequence on the 
basis of the current objective and in
formation on the environment.

Industrial robots employ four types 
of program control systems classified 
according to the character and dis
creteness of motions in the chosen 
coordinate system: limited (fixed)

sequence (few-point), point-to-point 
(multipoint), continuous-path (con
tinuous-trajectory), and composite con
trol systems.

By the type of data representation, 
program control systems can be broken 
down into cycle control (CC), analog 
control (AC), numerical control (NC), 
and analog-numerical (hybrid) cont
rol types.

Robots with CC are the simplest 
type of point-to-point devices. The 
program of CC systems contains in
formation on the sequence of move
ments of the working mechanisms or 
on the sequence of steps and veloci
ties; the paths of movement of the 
robot limbs are set up by means of 
adjustable stops acting on the limit 
switches.

In analog control systems, informa
tion is given in the form of continuo
usly varying values of the physical 
(analog) quantities. In NC systems 
(point-to-point or continuous-path 
control systems), data are represented 
in the form of numeric codes stored 
in a quick-change medium. Hybrid 
control systems can use various 
methods of data representation.

1.4. BASIC CHARACTERISTICS 
OF INDUSTRIAL ROBOTS

The basic characteristics of IRs 
vary with each type of robot depen
ding on the possible area of applica
tion and the working conditions in 
which a robot has to cope with its 
assigned tasks.

The load carrying capacity of a robot 
is the total load handling capacity of 
its arm or arms.

The load carrying capacity of a ro
bot arm is the highest mass of an ob
ject (including the gripper mass) the 
arm can handle under the given condi
tions (at a maximum or minimum velo
city, in a fully extended arm positi
on, etc.).

For a model with a few arms, the 
load capacity of each arm should be 
specified along with the total load 
capacity.

For certain types of IR an impor
tant performance characteristic is the 
force (or torque) developed by a wor-
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king mechanism in the given condi
tions. This can be the force of gras
ping (clamping, holding) an object 
by the end effector, the working force 
of the robot arm along its longitu
dinal axis, or the torque during rota
tion of the end effector.

The number of the degrees of freedom 
(axes of motion, or articulations) 
for a robot is the total set of possible 
coordinate motions of an object in 
space relative to the robot’s suppor
ting structure, such as a pedestal or 
base.

For some types of robots designed 
to perform assembly operations or to 
identify and select objects, it is 
important to specify the number of 
the degrees of freedom of the end ef
fector (hand-and-wrist assembly), 
which is equal to the number of coor
dinate motions of all its links rela
tive to the point of attachment of the 
wrist to the arm.

The positional error is the deviation 
of the actual position of a working 
mechanism from the present position 
during multiple positioning, i.e. re
petitive execution of motions. The 
positional error defines the positio

ning repeatability of a robot and can 
be given in units of length or angular 
units. As applied to industrial robots, 
an important characteristic is the 
total positional error for all working 
mechanisms, referred to the actual 
position of the object of manipulati
on that differs from the position spe
cified by the program.

The working area of a robot is the 
space where the manipulator execu
tes motions in handling its task. The 
entire linear and angular motions of 
the MS links characterize the working 
envelope (total space) of the IR and 
thus its reachability.

If a few robots perform the job joint
ly, the space-work characteristic for 
such a robotic cell is the area of joint 
service, which is part of the space whe
re a few robots can handle an object.

The mobility of a robot is its ability 
to execute motions. By mobility, 
robots fall into two groups: stationa
ry-base robots capable of orienting 
and transportation motions, and mo
ving-base (mobile) robots which can 
execute global motions along with 
the above motions.



Chapter 2

M anual
Manipulators

This chapter considers some exam
ples of manipulators that are widely 
employed in machine building and 
other industries. Workers engaged in 
machine shops do not generally need 
protection against the environment, 
so the master element (a control lever 
or panel) is often fitted on the manipu
lator itself or connected to it with a 
cable of appropriate length to ensure 
visual control over the operations.

2.1. UNIVERSAL MANIPULATORS

Universal Ms are designed to per 
form a wide range of various hoisting 
and-convcying operations in the ma
chine industry.

The load capacity of hand-operated 
mobile lifters ranges from 100 to 
3 000 kg. This type of lifter has a swin
ging boom with a hook, which is hin
ged to a fixed member mounted on a 
traveling wheel platform. The hand- 
operated pneumatic cylinder conne
cted to a hydraulic cylinder (balan
cer) serves to lower and raise the boom.

The rack-and-pinion drive conne
cted to a chain transmission retracts 
and extends the boom, the mechanisms 
being activated manually by means 
of a control handle. Such lifters are 
used in loading, warehousing, and ma
terial handling. The lifters come in a 
variety of designs. Thus, the hoist can 
be mounted on a truck equipped with a 
motor or cylinder drive to swing the 
pillar with the boom around a full 
circle. Table 2.1 lists the main per
formance characteristics of lifters pro
duced by the Selecto Co. (Denmark).

Universal balanced hinged-arm ma
nipulatord are used in various mecha
nization processes. Their applications 
include lifting-and-conveying, ware

housing, assembling, and also loading 
and unloading of parts in servicing 
processing equipment and conveyor- 
type systems (Table 2.2). The mani-

Fig. 2.1. Electromechanical universal balan
ced manipulator-loader Mil-100 of 100 kg 
load capacity
(a) model Mn-100-1, truck-mounted; (b) 
model Mn-100-2, pedestal-mounted; (c) mo
del Mn-100-3, rotary, pillar-mounted; 
(d)model Mn-100-4, cantilever beam-moun
ted; (e) model Mn-100-5, suspended from 
ceiling
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Table 2.1. Characteristics of Mobile Lifters of the Selecto Co. (Denmark)

View facing arro w  A

Type
Characteristic

500L 750 1000L 1250 1500L 2000L 2000 3000

Load capacity, kg: 
with the boom retrac
ted, at point 1 500 750 1000 1250 1500 2000 2000 3000
with the boom exten
ded, at point 4 100 200 250 500 450 600 850 1300

Boomjlength, mm 
retracted 1190 1260 1200 1520 1220 1220 1575 1800
extended, C 1600 1800 1800 2020 1830 1830 2075 2300

Stroke of boom along the 
vertical, D, mm: 
retracted 2300 2320 2130 2790 2330 2330 2940 3550
extended 2600 2800 2460 3150 2700 2700 3300 3550

Overall dimensions, mm: 
A 1600 1550 1770 1750 1845 1845 1780 1900
B 850 1100 960 800 980 980 800 800
F 700 800 820 900 900 900 1000 1400
G 600 700 670 750 750 750 800 1100
H 1300 1450 1600 1730 1665 1665 1810 2130
J 600 540 675 675 750 750 850 1000
K 140 140 160 160 200 200 195 220
L 515 486 600 620 650 650 765 850

Mass, kg 87 130 130 190 170 200 264 340

Table 2.2. Examples of Application of Universal Manipulators

Area of application Example of application

Lifting-and-conveying,
warehousing

Transferring heavy and large-size loads
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Table 2.2/(continued)

Conveying and handling materials

Warehousing

Servicing conveyors and 
automatic lines

Servicing conveyor
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Table 2.2. (continued)

Area of application Example of application

Loading and unloading parts in attending the starting and 
final work stations of an automatic line

A

Packaging and stacking
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Table 2.2. (continued)

Area ofjapplication Example of application

Machine tool loading and unloading, conveying parts

Metal-working, welding, 
assembling

Drilling and welding

Assembling electric motors, casting molds, and automobiles
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Table 2.3. End Effectors of Universal Manipulators
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Table 2.4. Sketches Illustrative of Mounting of Universal Manipulators

Moving base

Mounting on pillar, with remote 
control

Joint work with long-size mate
rials

Mounting on traveling support Mounting on motor-driven truck

Overhung sup
port

Fixing to shop pillars Mounting on mobile carriage
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y/z'h~
w m m

Mounting on battery-powered truck Mounting on truck

Mounting on traveling gantry
_______ i_________________
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Fig. 2.2. Manipulator model M500.90.01 of 
500 kg load capacity

pulators handle loads with a variety 
of changeable gripping mechanisms 
(Table 2.3). They can be set up on the 
floor, fixed to the wall or shop cei
ling, and mounted on trucks (Table 
2.4). Designs and performance chara
cteristics of these manipulators are 
given in Table 2.5.

The manipulator controls are in the 
form of either a push-button desk or a 
mnemonic stick fitted on the arm near 
the load gripper. Electromechanical, 

neumatic, or hydraulic drives ena- 
le the manipulators to lift, lower, and 

balance the loads along the vertical. 
Load transfer in the horizontal plane 
is done manually. Manipulators desig
ned to handle loads over 500 kg incor-

fiorate a special drive to turn the pil
ar about the vertical axis. Designs 

having a drive for each axis of motion 
(model IVMn Tabli 2.5) are also in 
use. The most popular manipulators 
are based on the principle of a panto
graph (Figs. 2.1, 2.2, and 2.3) which

Fig. 2.3. Functional diagram of the Kin-63 
manipulator
l ,  hook; 2, control handle; 3 , link; 4, 
boom; 5, strut; 6, guides of supported joint; 
7, supported Joint of pantograph made up 
of links 3, 4, and 4’* s * body; 9, rotary sup
port (sleeve); 10, post; JJ, pneumatic cylin
der (balancer); 12, balance weight

provides a horizontal load movement 
in the direction of the applied force 
(after balancing out the load along 
the vertical).

All Ms designs include an interlock 
system to hold the load if the electric 
power supply is cut off. The load capa
city of the modern Ms reaches 20 
to 3 000 kg. The controllable velocity 
of load transfer is up to 50 m/min.

2.2. SPECIAL MANIPULATORS

An example of the m a n ip u la to rs  used  
to open tap  holes in  m e ltin g  fu rnaces  
is shown in Fig. 2.4. The manufactu
rer is the Daido Steel Co., Ltd. (Ja
pan). The manipulator is mounted on 
a motor-driven car and controlled by 
the operator from a sealed cab. The- 
arm executes three basic motions: 
in-out, 1 500’’ mm at 27 m/min; 
up-down, 15' ittnd 10° respectively at 
10°/s; and right-left, 40° and 10°“
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Fig. 2.4. Tapping manipulator of 
Daido Steel Co., Ltd. (Japan)
(a) schematic arrangement; (b) 
punch rack and gripper approach
ing the punch to clamp it and 
hold in fixture

respectively at 50°/s. The gripper can 
perform a rotational motion, and swi
vel 270° at a speed of 90%. The tap 
is broken through with a set of pun
ches that develop a tapping force of 
up to 10* 4 N.

The operator controls the car both 
from the desk and by means of a shift 
pedal and activates the arm using a 
mnemonic stick. The maximum force 
exerted by the operator to open the 
tap is 30 N. A punch is taken from 
the rack and automatically clamped 
in position by the gripper.

Billet loaders serve to transfer bil
lets and position them in the working 
area of an installation comprising a 
heating furnace and a forge press3. 
Track-mounted loaders can carry 1, 
3, 5, and 7.5 t; overhead rail loaders 
can handle loads of 2, 3, 5, and 7.5 t. 
The carrying capacity of off-track 
(wheel) loaders ranges from 0.5 to 
10 t.

Figure 2.5 shows the typical lay
outs of heating furnace-forging ma
chine installations serviced by various 
loaders. '

Forging track-riding manipulators 
perform all auxiliary operations invol
ving the manipulation of a preform

Lr
7 4

( o )

3 9 10 11 12 13 ^ 2  13 14

(b)

Fig. 2.5. Typical layout of press -forging 
and heating equipment serviced by a track
riding billet loader (a) and overhead loa
ders (b)
l ,  loader; 2, forge presses; 3, manipulator;
4, heating furnaces; 5, turntables; 6, rail 
track of billet loader; 7, intermediate billet 
storage; 8, continuous furnace; 9, forging 
hammer; 10, bending press; l l ,  chamber 
furnace; 12, die forging hammer; 13, trim
ming press; 14, furnace for heat treatment 
of forgings

3*
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Table 2.7. Applications^ of F o rg in g  T rac k -R id in g  M a n ip u la to rs

Type Workplace layout Application

I
O ' *

X
In piece production at small forge shops. The 
manipulator operates as a loader for forge 
presses up to 8 MN. The press and furnaces 
are usually set up in line alongside the rail 
track. The press does not operate at full ca
pacity.

1__♦ ♦

II

III s '

* +

2

In piece and lot production. The M attends 
to presses of forging force of up to 30 MN 
ana simultaneously acts as a loader. The fur
naces and press are set in a row and at right 
angles. With only one manipulator, the press 
does not work at full capacity.

2 The M services forge presses of up to 50 MN 
and handles heavy forgings, billets being fed 
with a crane or loader. The furnaces are lined 
up parallel to a manipulator path and the 
press is set normal to it. The M has limited 
maneuverability since the carriage turning 
mechanism is absent. In comparison with the 
above two types, the latter M has a lower 
mass and smaller overall dimensions, but 
higher stability.

IV

In medium- and high-volume production. The 
M attends to presses of up to 30 MN and 
works together with a billet loader or with a 
crane if the forged pieces are too heavy. Bil
lets are transported to the work station on 
roller tables, in trucks, etc. The layout ensu
res good utilization of press capacity.

V
Largely in the mass production of forged pie
ces of small length. Billets are heated in a 
continuous furnace and taken out through one 
door or delivered on a roller table. The M 
attends to forge presses up to 8 MN. The fur
nace is set at a right angle to the press.

/ J

Designations: 1, forging machine; 2, furnace; 3, manipulator
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T a b l e  2 . 8 .  Motions and Operations Performed by Forging Track-Riding Manipulators

Type of motion Operation to be done

Opening and closing of 
tongs

Grasp a billet, suspend it, and release it after loading 
into furnace. Transfer parts alongside the furnace, press, 
and intermediate storage of forgings. Intercept a part 
being manipulated during forging

Rotation of boom about its 
axis

Swivel the clamped part during forging. Grasp a billet 
with tongs and release it, thus changing the position of 
the billet axis to enable subsequent operations

Swing motion of boom in 
vertical plane

Raise or lower a billet to adjust its position on the die. 
Grip a billet at various levels and change the position 
of its longitudinal axis

Boom motion up and down 
along tbe z axis, parallel 
to the horizontal axis of 
boom

Handle a piece at various levels (in servicing furnaces, 
reloading tables, presses, etc.)

Rotation of carriage about 
its vertical axis

Swing a billet in the horizontal plane and transfer it 
from one position to the next within the range of boom 
sweep

Carriage movement back 
and forth along bridge

Grasp a billet, move it in tbe horizontal plane in the 
direction of its axis, place it on the die and return it. 
Load and unload the furnace

Bridge movement along 
track v

Transport a billet, load it into and out of tbe furnace, 
pick it up and place it into the die, etc.



40 CH. 2. MANUAL MANIPULATORS

m
Fig. 2.6. Layout of the hydraulic press 
installation with an off-track manipulator 
(a) and the layout diagram of die forging 
presses serviced by mobile off-track manipu
lators (b)
l % hydraulic press; 2, delivery table; 3, mo
bile off-track manipulator; 4, pusher-type 
furnace; 5, die forging .press; 6, chamber 
furnace; 7, trimming press

during hammering or pressing. If 
a billet loader is absent, the forging 
manipulator takes on the task. It lo
ads a billet into the furnace, with
draws it and transfers it to the forging 
machine. The load capacity of a mani
pulator is chosen according to the 
force produced by a forge press:’

Forging force, MN
Load capacity, t

Tables 2.6, 2.7, and 2.8 present the 
technical data for the main forging 
track-riding manipulators, and describe 
their areas of application and the 
basic motions and operations they per
form.

Forging manipulators on truck 
wheels do the same tasks as track-mou
nted counterparts, but are naturally 
more maneuverable and handle loads 
from 0.5 to 101. Table 2.9 illustrates the 
side and top views of a wheel manipu
lator and presents the main dimensions 
of the most popular manipulators. 
Fig. 2.6 gives examples of layout of 
installatimis served by manipulators.

Manipulators designed to tend die 
forging presses and upsetters are hydra
ulically or pneumatically driven devi-

Fig. 2.7. Hydraulic manipulator of 30 kg 
load capacity for servicing die forging presses 
and upsetters
1 and 2, elements of hinged arm; 3, pneu
matic drive of gripper; 4, tongs; 5, control 
bandies

ces handling 10 to 40 kg. Fig. 2.7 
depicts a manipulator of 30 kg load 
capacity. The lever-operated hinged 
arm moves pieces up to 180 mm in dia
meter and 500 mm in length up or 
down and back or forth for distances 
of 1 400 mm and 2 200 mm respecti
vely at a speed of up to 0.9 m/s. The 
swivel base assembly can rotate 240°. 
The hydraulic drive receives power
8 10-15 20 20-30
5-10 up to 15 J5-20 30

from an individual power source. The 
pneumatic cylinder opens spring- 
loaded gripper jaws to enable them to 
clamp a billet. The manipulator is 
intended to work with billets heated, 
to 1 000-1 200°C in servicing upset
ters or die forging presses. It can also 
be used as a billet loader to service 
high-temperature furnaces.

Manipulators designed to serve high- 
temperature furnaces can handle [loads 
from 10 to 160 kg and have pneumatic, 
hydraulic, or electromechanical dri
ves to ensure the basic motions. Su
peralloy grippers are driven pneuma
tically and equipped with air cooling 
systems. These Ms perform largely 
tbe same operations as billet loaders: 
place billets into a furnace, remove
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Load
capacity,

kg

Maximum load 
on wheel, N Main dimensions, m

front back A B C D E F G H I

1 000 50 000 40 000 4.0 1.2 2 .5 1.5 1.0 1.3 0.53 0.77 2.1
2 500 75 000 75 000 4.0 1.2 3.25 1.83 1.1 1.4 0.53 0.77 2.555*
5 000 105 000 55 000 3.88 1.45 3.45 1.55 1.48 1.48 0.5 0.87 3.256

them, transfer and first put them onto 
a tray or conveyor, then into a quen
ching machine, and finally in the wor
king area of the press, etc. They can be 
harnessed to manipulate pieces in 
forging and stamping, if need be. This 
type of manipulator is similar in de
sign to the one depicted in Fig. 2.7.

Welding positioners, as the name 
implies, place pieces to be welded in 
the desired position and rotate them

during welding. In special-purpose 
Ms intended for running circumferenti
al welds, an electric motor drive can 
enable the rotation of a piece at the 
required angular velocity. The mani
pulation of a piece into the position 
convenient for welding is done manual
ly. Universal balanced hinged-arm 
Ms have recently found extensive use 
in the mechanization of welding ope
rations.



Chapter 3

Auto-operators

3.1. DIE CASTING AUTOMATION

Automation in the die casting indu
stry now covers such stages of the die 
casting process as ladling, lubrication 
of dies and pressure chambers, extra
ction of parts from die casting machi
nes (DCMs) and stacking them in bins.

The automation of metal pouring 
into molds called dies is done by va
rious feeding devices which can be 
classified into two groups according 
to the method of metal delivery: (1) 
devices with stationary feeding chan
nels and (2) devices with mobile 
measuring vessels (Fig. 3.1). Automa
tic pouring (casting) manipulators, 
or automatic ladles, excel the former 
devices in the accuracy of metering 
out the shots, productivity, cycle sta
bility, and performance reliability. 
They are simple in operation and de
sign, cheaper than the former group, 
able to tend a variety of furnaces and

DCMs, and are easily installed into 
various types of equipment. However, 
these Ms present drawbacks in that the 
ladles “shake up” the metal and thus 
contaminate the alloy with oxides. 
They also require readjustment or rep
lacement with changes in the vol
ume of shots, and they wear out rather 
fast.

Automatic ladles are built as part 
of die casting installations. Examples 
of the most popular designs of auto
matic ladles, lubricators, extractors, 
pick and place manipulators, and 
other automatic transfer devices are 
given in Table 3.1. Performance cha
racteristics of the automatic ladles of 
the standard JIM3 series (USSR) ap
pear in Table 3.2. Table 3.3 presents 
recommendations on the best ladling 
Ms, i.e. it lists the data on the rela
tionship between the mass of dies in 
use and the clamping force developed 
by DCMs4.

Fig. 3.1. Glassification of devices for casting shots of metal into dies of die casting machines4
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T a b l e  3 . 1 .  Examples of Manipulators Intended to Perform Various Functions

Name and sketch Description

Automatic ladle for die casting machines (base 
model of the JIM3 series, USSR)
\Z 8 2 J 4 5 fir

The manipulator is fitted on a bracket 
I fixed to a machine 10. In the start 
position the ladle 2 fastened to an arm 
4 with a clamp 7 hangs above the mel
ting pot 11 filled with metal and heats 
up under thermal radiation. By a com
mand from the DCM the arm ^with the 
ladle slowly goes down until a sensor 3 
touches the metal, then the arm 4 with 
the ladle moves up to the position in 
which the ladle pours off the excess me
tal into the pot. After the die blocks 
have closed, the arm 4 swings to a pou
ring cup 12 in response to the command 
from the DCM. The screw 5 serves to 
adjust the arm position relative to the 
pouring cup and to set the manipula
tor for top or uphill casting. The arm 
4 turns toward the machine with the 
aid of a mechanism 6. The ladle that 
travels together with the arm now oc
cupies the position above a feed chan
nel 5, as shown in the sketch. As the 
arm moves into the extreme left posi
tion, the ladle begins to turn with res
pect to the arm and pours the metal 
into the pressure chamber. The ladle 
now remains immobile to allow the re
sidue of metal to run off. As pressing 
commences, the manipulator responds 
to the comand from the machine and 
swings to the initial position. The ma
nipulator is driven from the machine’s 
hydraulic system via hydraulic cylin
ders 9
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Table 3.1. (continued

Name and sketch Description

Automatic ladle AM-2 (USSR)
o 7 J 2 8

The manipulator pillar 5 is set on the 
foundation. The chain transmission 10 
with a sprocket 3 serves to rotate an 
arm 2 with a tubular ladle l closed at 
the bottom. The link 8 raises the ladle 
from a furnace bath 7 and turns it with 
the aid of a pneumatic actuator toward 
a feed channel 6. Metal flows into the 
ladle through a siphon hole 9 in the 
ladle bottom. The chain transmission 
covered with abasing 4 is driven by a 
hydraulic actuator connected to the 
hydraulic system of the die casting 
machine. The ladle holds up to 2.5 kg 
of molten metal, and measures out 
shots accurate to ±2%

Automatic ladle of Rimrock Co. (USA)

The manipulator is fitted to the die 
casting machine or to the body of the 
furnace. Levers 6 and 7 attached to a 
body 8 make up a parallel link mecha
nism, which supports an arm shoulder 
10 having a rolling bearing 11 that 
moves in a slot 5 in the upper 
lever 7 fastened to the plunger of a 
hydraulic cylinder f, the plunger 
being hinged to the body 8. With 
the levers 6 and 7 brought into action, 
the ladle executes a plane-parallel mo
tion as it leaves the bath. Since the 
bearing 11 moves in the slot 5 and the 
lever 7 begins to turn, the hydraulic 
actuator 2 together with levers 3 and 
guides 4 enables a ladle 9 to pour the 
metal into the pressure chamber
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Table 3.1. (continued)

Nam e and  sketch D escrip tion

Automatic ladle of Toshiba Corp. (Japan)
5

Automatic ladle of Triulzi Co. (Italy)

The manipulator is complete with a 
ladle l  fastened to a hinged arm 2. 
A special mechanism 6 rotates the ladle 
in the bath of the holding furnace (po
sition I), so that the ladle scoops a 
shot of metal, the volume of which 
depends on the angle of rotation. The 
hydraulic actuator 5 then turns up an 
arm 2 , and the ladle moves out of a 
bath 3 and comes to a hault above it 
to dispose of the excess metal. The arm 
with the ladle now swings to position 
I I  above the pouring cup of a die cas
ting machine 7. The ladle is tilted to 
allow the metal to flow through a chan
nel 4 into the pressure chamber

%

The manipulator arm with a ladle 8 
in the form of a scoop having a hole at 
the bottom is set on a carriage 6 mo
ving on a monorail 3 along guides 11. 
The monorail has one end fixed to a 
pillar l  and another end resting on the 
stationary platen of a machine 4. This 
monorail can be mounted on two pil
lars if necessary. The pillar l  has a 
special drive 2 to adjust the manipula
tor for height. In its initial position, 
the ladle hangs over a pot 14 and goes 
down by a command from DCM until 
electrodes 5 come in contact with the 
metal which enters the ladle through 
the hole. The ladle now turns upwards 
by a certain angle and leaves the pot, 
the excess metal being split into the 
bath. Controlling the angle of inclina
tion enables scooping any shot of metal 
with the same ladle. After being rai
sed from the bath, the ladle is swung 
up further by a certain angle to avoid 
spilling the metal as the manipulator 
rides the monorail. In response to a 
command from the DCM, the arm mo
ves to a pouring cup 13, the ladle tilts 
and pours off the metal through the tip
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Table 3.1. (continued)

N am e and sketch D escrip tion

into the chamber. The ladle is now 
ready to travel to the furnace and can be 
swung to dispose of the slag residue and 
solidified metal into a special trough. 
The rack gear 7 operated from a motor 
9 enables a vertical movement of the 
arm

Automatic die lubricator (base model of the 
JIMC series, USSR)

8

The manipulator pillar 1 stands on the 
platen of a die casting machine 10. 
The spindle 2 and reduction gear 9 serve 
to adjust the initial position of the 
lubricator along the vertical, and the 
spindle 3 enables adjustment along the 
horizontal. The block of injectors 7 and 
air Jet nozzles 8 for blow-over of the 
chamber and also the distribution unit 
6 are fitted to the arm 13 having a 
pneumatic drive cylinder 4. The mo
ving block is held in the initial posi
tion with a lock 5. The manipulator 
comes complete with a lubricant feed 
unit 11 containing a pressure tank, a set 
of distribution and control devices, an 
air supply unit, and a control cabi- 
net 1 2 .
The control system ensures the auto
matic operation of the lubricator either 
when the block moves along (and blows 
over as it runs idle) or when it bears 
against the lower stop (and blows over 
the dies while moving). The control 
system incorporates a selector switch 
set to the desired lubrication sequence 
to command the manipulator to start 
on thp next cycle after completion of 
one to six shots ^

i
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Table 3.1. (continued)

N am e and sketch D escrip tion

Automatic die lubricator of Dag Acbeson Co. 
(USA)

The spray block 1 , whose position is 
adjusted in the transverse direction 
relative to a die casting machine 6, is 
fitted to a turning lever 2 which forms 
a parallel link mechanism with hinged' 
links 3. The shaft 4 is run by the dri
ve comprising a motor and reduction 
gear/The stop 5 on a manipulator bed 
7 limits the motion of the lower link 
of a pair 3% thereby providing a step
wise change in the path of motion of 
the block I. A hand-operated mecha
nism can drive the manipulator paral
lel to the DCM axis into the position 
required for work on an appropriate 
die.
The block J includes injectors, univer
sal holders, air and lubricant pipes, 
and flexible hoses for blow-out

Automatic extractor of castings
The arm 2 of the manipulator placed 
on a support 1 rotates about the ver
tical axis and executes a translational 
motion (back and forth) with the grip
per by means of a pneumatic actuator. 
The pneumatic cylinder 3 serves to 
lift and lower the arm.
The manipulators designed to handle 
loads of up to 10 kg are pneumatically 
driven; those with a load capacity of 
above 10 kg are hydraulically driven 
(often powered from the drive system 
of the machine being tended)
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Table 3 .1 .  (continued)

N am e and sketch D escrip tion

Transfer arm for sheet-stamping presses
The arm serves to deliver blanks to the 
work area of the press and remove 
shaped products. Air-actuated mecha
nisms are brought into action by a 
command issued from the press. The 
arm can place a blank into the press, 
extract the piece, or execute a complete 
cycle of loading operations.
The operations are done in the follo
wing sequence. The arm picks up a 
blank from the stack of sheets piled 
on a lifting table or conveyor, trans
fers it into the work area of the press, 
places it on the die, releases its £rip 
on the blank, moves from the work 
area of the press, and pushes the but
ton of the limit switch to signal the 
press to run. After completion of the 
stroke with the press plunger now tak
ing the extreme upper position, the 
limit switch closes to signal the arm 
to swing to the press, fetch the part, 
raise it to the required height, move 
outside the press, and drop the part on 
the conveyor. The arm is equipped 
with a vacuum pickup if its task is to 
load and/or unload the press; where it 
performs only the unloading task, the 
arm is usually fitted with a dual-jaw 
hand

Transfer arm for unloading stamping pres
ses

The arm suspended from a beam l  is 
designed to service single-action single- 
crank sheet-stamping presses. The beam 
can travel up and down as screws 2 
execute a rotary motion due to worm- 
and-worm gears of a lifting mechanism 
3, which thus adjusts the arm for 
height. This mechanism, together with 
screws 2 , is fitted to the press columns. 
The carriage 4 can move along the 
beam in front of the press and is held in 
the required position with lock screws. 
The position of an arm 7 in the direc
tion of the work area is adjusted with 
a screw mechanism 5. By a command 
from the press, the arm moves into the 
work area on overrunning racks 6 
which extend the arm reach. The limit 
switch now closes issuing a signal to 
the arm to grasp the part with a gfip- 
per 9 powered by a cylinder 8. After 
the gripper clamps the part, a com
mand is sent to raise the arm actuated 
by a cylinder 10. At the end of the 
upstroke, the arm responds to another 
command to remove the part from the 
work area. The arm moves back and 
goes down by the action of the cylin
der 10\ the gripper then releases its 
grip on the part, which drops onto a 
chute or conveyor
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T a b l e  3 . 1 .  (c o n t i n u e d )

Name and sketch Description

Floor-mounted transfer arm for unloading 
stamping presses

8

This is a mobile ground unloader. The 
arm travels on a wheeled platform 7 
which supports the base 6 of a carri
age 9 actuated by an electric motor 4 
via a connector and reduction gear 5. 
The gripper l  is driven from a pneu
matic cylinder 3. The carriage moves 
vertically by the power supplied from 
a pneumatic cylinder 8. The gripper 
is set for height with a screw 2. As the 
press plunger moves up, the carriage 9 
with the gripper 1 approaches the die, 
the gripper powered by the cylinder 8 
clamps the part and raises it. The car
riage moves back, the gripper opens its 
fingers, and the part drops on to a 
chute or conveyor

The manipulator has two arms 3 fitted 
on a carriage 2 powered by an electric 
or a hydraulic motor to move the car
riage along a monorail l fixed to posts 
4. Hydraulically or pneumatically 
operated arms load and unload the 
parts through the upper open zone of 
the machine tool. On completion of 
machining, one arm picks up the fin
ished part and the other delivers a new
f>iece to the work station. The manipu- 
ator can tend one or a few machine 

tools lined up under the monorail. A 
few carriages can be mounted on the 
monorail if necessary, with the arms of 
each manipulator arranged at an angle 
as shown in the sketch or vertically, 
one above the other. Workpieces are 
brought to the machine tool on conve
yors or in indexing feed magazines* 
The manipulator then places tne ma
chined parts into free nests of the 
transport facilities

4-082
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T a b l e  3 . 1 .  (c o n t i n u e d )

Name and sketch Description

Manipulator for loading flange-shaped parts 
into and unloading them from vertical-spindle 
chucking machine tools The carriage 8 with a cylinder-powered 

horizontal arm 2 moves on rollers 4 
and 5 along a monorail 7 fixed to posts 
i .  The arm with grippers 3 can move 
up or down and swing 180°. The com
mand to stop the carriage pushed to 
the work position is sent from limit 
switches 6. The manipulator can ope
rate one or several machine tools alig
ned under the monorail. Two grippers 
attached to the arm work sequentially, 
one picking up a finished part and the 
other placing a workpiece in position. 
Workpieces delivered to the machine 
tools should have proper orientation in 
beds of the conveyor or indexing feed 
magazine

Floor-mounted manipulator for loading bodies 
of revolution into and unloading them from 
machine tools

Two arms 4 with grippers 5 are set at 
an angle to each other on a block 8 
actuated by a hydraulic cylinder 6 
and rack gear 7 to enable it to swivel. 
The workpieces and finished parts are 
fed to and removed from the work area 
on a two-trough distributing conveyor 
whose bars 1 with guide rollers 2 reci
procate on support rollers 3. The pie
ces arriving at the work station are 
held in position with a latch which is 
immediately swung open each time the 
hand picks up a piece. The finished 
parts are placed onto the other conve
ying trough and delivered to the next 
work station for treatment. The mani
pulator can service one or two machine 
tools, loading and unloading them with 
#rms executing pendular motions

Manipulator built into a machine tool, for 
loading and unloading bodies of revolution

The manipulator has two arms positio
ned one above the other at certain 
angle to enable each arm an unobstruc
ted motion to the line of centers of the 
machine tool. The end effectors of tlm 
holder-on type are made in the form or 
V-blocks on which workpieces and fini
shed parts are held in place by gravi
ty. The manipulator can be incorpora
ted into the machine tool or installed 
separately. The loading-unloading path 
is in an upward direction and traver- 

• ses the centerline of the conveyor deli
vering workpieces to the machine tool. 
The manipulator is tailored for high- 
volume production
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Table 3.1. (continued)

Name and sketch Description

Hotary manipulator for loading shafts

The boom l carrying arms 2 swings on 
a base 3 with the aid of rack gears 
powered from hydraulic cylinder 4. 
The conveyor running alongside the 
machine tool delivers workpieces which 
are picked up by grippers and placed 
in the work position through the upper 
open zone of the machine tool. The 
manipulator is equipped with mecha
nisms which adjust the boom for height 
and length. This manipulator is used 
primarily in the mass production of 
parts - •

Manipulator for loading ring- and pin-shaped 
parts into machine tools '

•
The manipulator has two feeder arms 
activated by a camshaft. The sliding 
feeder arm performing reciprocating 
motions extracts a part from the ma
gazine and the pendular feeder arm 

icks up the part with its gripper and 
eposits it in the work Area of the 

machine tool

IMck-and-place manipulator for loading base 
members into and unloading them from machi
ne tools (manufacturer, PRD)

,-ft; ,

n The electrically and hydraulically po
wered (manipulator has four degrees of 
movenkent: boom swing through 180°; 
gripper swiveling to 180°; arm’s mo
tion up or down for 2 00 mm; and arm’s 
full stroke (reach) back or forth for 
3 800 mm (with the boom swinging) or 
for 2 000..mm (with the boom kept sta
tionary). The maximum cycle time is 
40 s. The manipulator picks up work- 
pieces delivered on conveyors in inde
xing feeders or pallets j
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Table 3.1. (con tin u ed )

Name and sketch Description

Mobile ground manipulator for changing cut
ting tools (manufacturer, PRB)

The manipulator with a tool magazine 
arranged on a common rigid base at
tends to either one machine tool or a 
few if it is mounted on a mobile plat
form. It is complete with an individual 
hydraulic power unit and a battery 
set, but can receive power and control 
signals from the attended machine tool 
if necessary

Table 3.2. Characteristics of Ladling Manipulators of the Standard JIM3 Series, USSR

Characteristic

JI
M

3-
1.

25

JI
M

3-
2.

5

JI
M

3-
5

JI
M

3-
10

JI
M

3-
20

Shot, kg: 
nominal 1.25 2.5 5.0 10.0 20.0
maximum 1.6 3.1 6.2 12.5 25.0

Rate, shots per hour 250 250 200 170 120
Mean shot deviation, % 2 2 2 1.5 1.5
Manipulator mass, kg 120 300 320 350 380

Table 3.3. Relation between the Mass of 
Molding Dies and the Clamping Force of 
Die Casting Machines*

Clamping 
force, MN

Total output of castings, 
%, at shot, kg:

up
 t

o 
1.

25

1.
25

-2
.5

2.
5-

5.
0 o

o

1
o

ab
ov

e 
10

.0

0.63 100 _ _ _
1.0 100 — — — —

1.6 99 1 — — _

2.5 * 70 28 2 — _

4.0 20 60 19 1 —

6.3 _ 5 94 1 —

8.0 _ _ 15 80 5
10.0 — — 5 70 25

Automated lubrication of dies and 
pressure chambers relies on the use of 
stationary jet injectors or manipula
tors. Lubrication of dies and pressure 
chambers takes 10 to 50% of the total 
casting cycle time and has an appre
ciable effect on the temperature con
ditions of the casting process and the 
quality of the cast products. Stationa
ry injectors can be used to spray die 
and chamber cavities when the ma
chine produces relatively simple and 
small castings. Two rows of injectors 
are set on die platens and fixed with 
universal holders that enable the 
adjusting of the position of the inje
ctors in space. Air and lubricant pipes 
connect the injectors to the lubricant 
feed mechanism and the control unit.
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Table 3.4. Characteristics of Automatic Molding Die Lubricators of the Standard JIMC 
Series, USSR

Characteristic

JI
M

C-
40

JI
M

C-
63

JI
M

C-
80

JI
M

C-
10

0

JI
M

C-
12

 5

Injector block travel, mm 
Permissible travel, mm

400 630 800 1000 1250
along horizontal 140 280 280 460 460
along vertical 100 200 200 270 270

Frame width, mm 300 430 490 720 820
Number of injectors (max) 5 5 7 10 10
Speed of block travel (max), mm/s
Mass (without electrical equipment and hydraulic

300 500 500 500 500
power unit), kg 180 240 280 320 430

The designs of these systems and re
commendations on their use are given 
in work4. Die lubrication systems in
corporating automatic Ms are used 
in the production of shaped castings 
with cavities, thin walls, and high

protrusions. Table 3.1 describes a ty
pical representative of the manipula
tors of the standard JIMC series for 
lubricating dies, and Table 3.4 lists 
the main characteristics of these Ms. 
Depending on the element base of the

Fig. 3.2. Classification of devices for automatic extraction and disposal of castings
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control system, automatic lubrica
tors of the J1MG series can be of two 
types: lubricators using contact re
lays and those using static logic ele- 
meu ts.

A u to m a tio n  of the operations in vo l
v in g  extra c tio n  of p a rts  from DCMs 
is based on the application of various 
facilities (Fig. 3.2).

Means of unoriented extraction and 
handling of castings are used for die 
casting machines exerting a clamping 
force of up to 2.5 MN or, less often, 
up to 4 MN. These means include de
vices for the removal of parts from the 
dies (ejectors, pushers, etc.) and mecha
nisms for the transfer of parts 
from the work area of the die casting 
machine (conveyors, chutes, power- 
driven tables, etc.). They are suitable 
for use where castings have sufficient 
rigidity and strength to stand up to 
the impact on dropping and also where 
machines operate at a production rate 
which is too fast for the manipulators 
and robots to keep pace.

Means of oriented extraction and 
handling of castings (manual mani
pulators, automatic extractors of the 
pick-and-place type, and robots) are 
designed to remove and transfer thin- 
walled parts, fragile pieces, and large 
castings liable to fracture in rough 
handling: they are also used to perform

unloading tasks where it is difficult 
to affix the above-mentioned facilities 
to die casting machines. Oriented ex
traction is a must where there is a 
need to combine this operation with 
automatic trimming. At present, in
dustrial robots are most frequently 
used to handle this task since they can 
perform a number of additional opera
tions, namely, they can place the ca
stings into the quench tank, carry 
them to the trim press and inspection 
station, etc. However, where machi
nes produce castings in high volumes 
and at high rates, special-purpose 
manipulators of various designs (both 
self-contained and built-in types) 
prove to be rather efficient tools. One 
of these manipulators is shown in 
Table 3.1.

3.2. AUTOMATION 
OF SHEET FORMING

The devices used to automate the 
operations of feeding sheet metal 
blanks into the work area of a stam
ping press include roll feed, roll-wedge 
feed, and gripper-type feed mecha
nisms (to deliver strip materials), and 
also dial feed and sliding feed mecha
nisms (to deliver piece blanks). Me-
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chanical transfer arms are generally 
used to handle sheet materials. They 
come in two designs: one of which is 
driven independently, and the other 
by the power taken off the press.

In designing mechanical arms, the 
following relations can be applied to 
determine their parameters:

£> =  0.16 Y P  (3.1)
L =  (B +  D)/2 +  A (3.2)

where P is the press force, N; D 
is the diameter or the largest linear 
dimension of a blank, mm; B is the 
dimension of the die (press table) in 
the direction of piece extraction, 
mm; A is the minimum clearance bet
ween the piece and the press table in 
the direction of piece extraction, mm; 
and L is the distance from the position 
where the gripper picks up a blank 
from the stack to the position of the 
blank in the die, mm.

Mechanical arms come floor-moun
ted, with a separate drive, or suspen
ded with either a separate drive or a 
press crankshaft drive. The highest 
load capacity of the available designs 
is 16 kg. 'phe end effectors currently 
in use are grippers and vacuum or ele
ctromagnetic pickups. Examples of 
mechanical arm designs are given in 
Table 3.1.

Automatic extractors, i.e. mechani
cal arms for removing finished sheet 
products from dies, can service pres
ses loaded automatically or manually. 
Fig. 3.3 portrays the layout of an auto
matic sheet stamping line incorpora
ting transport facilities and mecha
nisms for loading and unloading sheet 
pieces. In a number of cases, the same 
mechanical arm design can be used 
to feed blanks to and remove formed 
parts from the work area of the press.

3.3. AUTOMATIC SERVICING 
OF MACHINE TOOLS

By purpose, all handling manipu
lators fall into three groups: (1) devi
ces for work with parts shaped as bodi
es of revolution; (2) devices for hand
ling base members; and (3) devices 
for loading and unloading parts in the 
form of forks, lids, brackets, etc. The 
manipulators belonging to the first 
group are the most popular. Accor
ding to the range of operations they 
are able to perform, these manipula
tors can be of the loading, unloading, 
or loading-unloading type. They some
times perform additional functions, 
namely, blow out or wash over the 
datum surfaces of parts and clamping 
devices of machine tools, measure
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out machined surfaces, etc. Models are 
available for servicing machines sepa
rately and in groups. Parts delivered 
to the pickup position in pallets, ma
gazines, on conveyors, etc. must have 
proper orientation for ease of grasping. 
These are a number of manipulator 
designs tailored to suit a particular 
type of production equipment. Some 
manipulators designed to tend machine 
tools are shown in Table 3.1. These 
manipulators can handle loads from 
a few grams to 250 kg (bodies of revo
lution) or more (base members).

3.4. AUTOMATIC REPLACEMENT 
OF TOOLS

Manipulators employed for the auto
matic replacement of tools are most

commonly used with machine tools. 
These can be self-contained floor- 
mounted or suspended devices, or 
built-in devices, the latter being the 
most widely used.

Figure 3.4 shows the sequence of 
tool changeover operations perfor
med by the manipulator built into an 
NC lathe which incorporates the ma
nipulator’s driving mechanisms and 
controls. Table 3.1 displays a mobile 
tool-replacing manipulator model 
MHB50.01, of the PRB. The tool 
magazine has 50 nests. The largest dia
meter and the largest length of tools 
are 160 mm and 350 mm respectively. 
One arm can handle loads of 25 kg. 
The magazine rotates at a speed of 
10 rpm. The replacement of a tool 
takes 8 s.



Chapter 4
Industrial 
Robot Designs

The analysis of design and perfor
mance parameters of the 500 IR mo
dels presently employed throughout 
(he world permits us to establish a 
number of features specific to these 
robots. Table 4.1 offers some examp
le's of the typical functional block dia
grams, and Table 4.2 illustrates the 
most prevalent shapes of the work en
velopes that depend on the type of 
coordinate system in which the links of 
t he mechanical system execute coordi
nate motions. Most of the models of IRs 
operate in the cylindrical coordinate 
systems (Fig. 4.1), but recent years 
have seen an increase in the number of 
designs with arms whose motions fol
low angular coordinates.

Figure 4.2 shows the distribution of 
IRs according to the number of axes 
or degrees of freedom they offer. 
IRs are commonly complete with hy
draulic and pneumatic drive systems. 
In recent years electric drives have 
been receiving more recognition. In 
1973, electric drives were found in 
4.5% of the 150 robot models; in 
1981,13.3% of the 500 models had ele
ctric drive systems. The distribution 
of robot models by the load capacity 
and the type of power drive appears 
in Fig. 4.3, where it is seen that up to 
65% of the available models can hand
le loads of from 5 to 80 kg.

The bar charts in Fig. 4.4 illustrate 
relationship between the type of drive

Kltf. 4.1. Distribution of robot models according to the types of coordinate systems in which 
I lie mechanical system links execute basic motions
i, rectangular plane; 2, rectangular space; 3, polar plane; 4, cylindrical; 5, spherical; 
<1, angular cylindrical; 7, angular spherical
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Table 4.1. Examples of Functional Block Diagrams of Industrial Robots

Functional block diagram Coordinate system Robot model (country)

Rectangular plane

PO/1B (USSR)
Autohand AH-60-3 (Japan)

1 1 *

1 ___ CM80U25.01, CM80U48.01, 
TPT-1-250 (USSR)
M63-0L (CSR)

Pirin 120, 130, 150 (PRB)

7/77?. Rectangular space

Autohand AH-40/40-2 (Japan)

K ' *~37- - ^
Toyoda B.B.S. (Japan)

Polar cylindrical

KM10U42.31 (USSR) 
M-04 (CSR)
Motbac JRC-30 (Japan)

—is —
ijn

ajo
YM-i, CM40U40.il (USSR) 
Versatran (USA)

KM1, 25U42.01, KM10U42.01, 
IIP-10 (USSR)
RJMP-401 (PPR)
Autohand AH-6 (Japan)

’i
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Table 4.1. (continued)

Functional block diagram Coordinate system Robot model (country)

Polar cylindrical

Kaufeldt (Sweden)

Universal-5 (USSR)

Polar spherical
Universal-50M (USSR) 
RJMP-1000 (PPR) 
Unimate (USA) 
Kawasaki Unimate, 
RB, Tosman (Japan)

CM40CD 2.80.01 (USSR)

Angular cylindrical

Robitus

MTL-60 (CSR)

Trallfa (Sweden)

Angular spherical

ASEA (Sweden) 
Cincinnati Milacron 
6CH-Arm (USA)
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Table 4.2. Basic Motions of Industrial Robots and Shapes of Work Envelopes

Mot ion

Coordinate system

Cartesian R

Polar Angular

cy
lin

dr
ic

al
 

C

Ph

cio
<x>
a
CO cy

lin
dr

ic
al

 A
C

sp
he

ri
ca

l 
A

P

Basic

plane

O
Ri (*,y) PI (?r)

cr
API (ffjf.

0
\R2 (xz) P2 (ffr) AP2 (BB,)

spatial

— (P
c i W

— — —

— <0
• C2 (ex)

— —

8 >
RS (xyz) C3 (ff>z) P3 fa r )

&
AC3 (tptpjz) AP3 (tpBf8)

— %>
C4 (9px)

&
P4 (Btpr)

&
AC4 (BBjX) AP4 (Bifitp)

Compound, 
with addi

tional 
linear move

ments

+ 3C — &
Clx fa x )

— — * -------  •

— (50
C3x C wzx) P3x (itBrx) AC3x (m ,zx) AP3x (i/Bjdx)

— —

P4xy (Btprxy)

—

'APttx(Bifjifx)
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Table 4.2.  ( cont inued )

Coordinate system

Motion
Cartesian R u

T3e

Polar Angular

<
ao"Ea>

CJ a
05

a
O’

—

C2Z (Qxz)

— — —

+  z — — P
P3z(if8rz)

— ((H)
AP3z (tp8,8z)

— @
C4z (8pxz)

0)
AC4z (88,xz

©
AP4z (8ix,tpz)

Clxy (tfzxy)

— — —

Compound, 
with addi

tional 
linear move

ments
+*ir — ©

C3xy (tppzxy) P3xy(tp8rxy)
0 1

AC3xyfytp,zxy) 0AP3xy((f9,Qx!i)

— — — 0
AP4xy(0p,0xy)

—

C2xz (Byxz)

— — —

+JC2 — —

P3xy(ifdrxz)

—

AP3xz(ifB,xz)

— ©
C^xz(Bpyxi) P4xz (Qyrxz) AC4xz(6Btyxz)

0
AP4xi (Bifjtpxz)
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33.1

up to 2 3 4 5 6 above ?

Fig. 4.2. Distribution of robot models accor
ding .to the number of degrees of freedom

and the method of positioning, as 
provided by the program control sys
tem (CS). In most cases, the CS is 
made as a separate unit external to 
the mechanical system of the robot.

Fig. 4.4. Relationship between the types of 
drive ahd the method of positioning afforded 
by the control system
P, point-to-point control system; CP, con
tinuous path control system; C, composite 
control system

This makes it possible to utilize the 
work area more effectively, apply ro
bots to do jobs in hazardous and unfa
vorable conditions with the CS instal-

Fig. 4.3. Distribution of robot models according to the load capacity and power drive type
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Fig. 4.5. Distribution of point-to-point 
robots according to the number of control 
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i
led outside the zond of possible danger, 
and equip the same mechanical system 
with varioub types of CS, depending 
on the particular conditions of robot 
application. Up to 90% of all robot

i «
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22.5 22.5
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8

25.5

44

Fig. 4.6. Distribution of robot models accor
ding to the number of channels connecting 
the control system to external equipment

Fig. 4.7. Distribution of robot models 
according to the range of the arm's in/out 
motion and up/down motion

models come complete with positional 
control systems having a storage capa
city of 10 to 15 control commands 
(Fig. 4.5). The performance capabili
ties of IR increase along with the num
ber of channels for communication 
with peripheral equipment. The distri
bution of IRs by this feature appears 
in Fig. 4.6.

The bar charts in Figs 4.7 and 4.9 
illustrate the distribution of models 
by the range of motion (stroke) and 
the velocity of working elements, and 
Fig. 4.8, their distribution by the 
work envelope (sphere of influence). 
The positional error (positioning re-
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Fig. 4.8. Distribution of robot models accor
ding to their work envelope

Fig. 4.9. Distribution of robot models accor
ding to the linear and angular velocity of 
working elements Angular velocity

& § 1> *? Hi

§
•

55 5
1

*/s

Fig. 4.10. Distribution of robot models according to positioning repeatability
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Fig. 4.11. Distribution of robot models accor
ding to the space they occupy

poatability) of the robot models cur
rently in use ranges between ±  0.05 
and 5.0 mm. For 70% of the models 
this error lies within ± 1 . 0  mm (Fig. 
4.10). The distribution of robot mo
dels by the space they occupy is given 
in Fig. 4.11.

About 40% of the modern robot 
models are simplified devices in de
sign with up to four axes of motion, 
and have positional control systems 
with a storage capacity of up to 
50 commands. But the list of robot 
types continues to expand, and more 
robots come into being that feature 
enhanced functional capabilities and 
incorporate advanced sensory devices 
and software written in any of the de
sired algorithmic languages, gene
rally realizable on a minicomputer. 
The scope of the functions performed 
by IRs is being broadened by the de
velopment of mobile models capable 
of servicing a few work stations. Also 
on the inoredse is the number of over
head mobile IRs occupying a smaller 
shop work area than ground-type mo
dels. The speed of response is raised 
by using pneumatic drives, multiarm 
designs, multi positional end effe

ctors, and mechanisms performing ad
ditional production operations in 
handling workpieces. Robots are made 
complete with auxiliary equipment to 
extend their performance capabilities. 
These are lifting, lifting-turning, li
near and cross-shaped tables, tilters, 
sets of quick-change end effectors and 
tools, etc. The mean time between fa
ilures (MTBF) for most models (75%) 
is 1 000 hours.

4.1. TECHNICAL 
CHARACTERISTICS

Tables 4.3 through 4.28 list the te
chnical data of the 300 models of mo
dern industrial robots. The robots are 
broken down into subgroups according 
to country (manufacturer) and classi
fied by the general design and perfor
mance features. Each subgroup inclu
des robots arranged in order of increa
sing load capacity. The models whose 
technical characteristics do not con
form to the adopted classification are 
presented separately. The technical 
data on IRs of the integrated (modu
lar) type and individual designs of 
robots with adaptive control, and also 
IRs differing by the character of ap
plication are given in the correspon
ding sections. c

The tables present the total load 
capacity of IRs irrespective of the 
number of arms. This is the maximum 
load capacity at the highest working 
velocities, exclusive of the mass of 
the end effector (end effectors). The 
number of the axes of motion does not 
include the motion of gripper clo
sure.

The notation is the following. The 
type of drive: P, pneumatic; H, hydra
ulic; E, electric. The control system 
(CS): C, cycle; P, few-pointer multi
point; CP, continuous-path; U, uni
versal; GA, computer-aided. The me
thod of programming: SA, stop adju
stment (end stop ‘setting-up); T, 
teaching; CA, computer-aided; U, uni
versal; MD, from magnetic disk sto
rage; MW, from magnetic wire sto
rage. A dash indicates that the robot 
lacks the characteristic in question; 
an empty square denotes the absence 
of technical data.

r»—08 2
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Table 4.3. Technical Characteristics of Floor-Mounted Industrial Robots with Telescopic
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2

1

E

C
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4
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P

6
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5
5
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3
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Mn-9 3 1 0
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Arms and Cantilever-Type Arm-Lifting Mechanisms
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Table 4.3. (continued)

Linear motion, mm Angular motion, ° Overall dimensions.
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Table 4.3. (continued)
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0-5 1285 600
0 . 2

700
0.4

240
50

180
90

1 2 0 0 1300 600 350

0 . 2

1688
150
0.5

400
0.5 1 2 0

1 2 0
2 1092

1880
900

500

5101888 600
0.5 1800

0 . 1 1600 160
0.5

630
1 . 0

180
2 0

360
180

180
180 1160 525 1 1 0 0 250

0.5 1450
2 0 0
0.4

1 0 0 0
0 - 8 270

90
180
90

-

2

1850 600 600 400

0.3 1550 630
0 . 6

1435 400 400 350

0 . 1 1800 1 0 0
0.3

630
1 . 0

90
90

180
180

1

1700 1240 800 500

0 . 2 2 0 0 0
500
0.4

1 0 0 0
1 . 0

50
0-5

360
2 0

180
90 1170 1400 1 2 0 0 813

0 . 1
300 
0 . 5

1300
0.67

250
0.5 - 180

132
90
132

36
0 . 2 1170 40

0 . 8
400
0 . 8

40
0 . 8

180
30

180
90

30
90 450 dia.

380
dia.
380

0 . 1 850 300
0 . 8

500
0 . 8

- 270
80 - - 1 0 0

1.5 1930 500
0.9

1 2 0 0
1.5 -

2 1 0
130

2 2 0
1 2 0

2 2 0
90 1 1 0 0 1 2 0 0 680 625
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Robot model 
(firm)

JS
U3
z

3
a

«SG
C T 3

°T 3In <V
gE
Iss£ bc-S*

£A

■81
f i
s&

f lf_0)+-> 3^
CO>»Og co ^ <C
2*s ieO O g A" O «S«u,U o o

frg

USA

Japan

Robotek-1 (Liebherr) 12

Robotek-2 (Liebherr) 25

Transfer-Automat E 
(Vew-Fokker) 15

Einfach-Hand Abun- 
gsgerate (Vew-Fok 
ker)

Autoplace (Auto- 
Place)

Sinchrotrans
(Sinchrotrans)

Transiva (BR Ta- 
lore)

RB-50 (Yasui Sang- 
yo Co., Ltd.)

SR-25 (Shinko
Electric Co.)

Type KMR-2 (Ka- 
yaba Industry Co., 
Ltd.)

12

4.54

45

25

25 (35)

40

RBH-50 (Yasui 
Sangyo Co., Ltd.)

HI-MATE MODE- 
LES (Kuroda Preci
sion)

SYNCHRO TRANS 
(Keiaishf Mfg. Ltd.)

RB-10 (Yasui 
Sangyo Co., Ltd.)

50 (60)

10

H

H

H

32

30

16

16

24

48

24

32

48

24

360



4.1. TECHNICAL CHARACTERISTICS 7a

Table 4.3. (continued>
R

ep
ea

ta
bi

lit
y,

±m
m

M
ax

im
um

 a
rm

 
re

ac
h 

R
, 

m
m

Linear motion, mm Angular motion, °

V
er

sio
n

Overall dimensions, 
mm

M
as

s, 
kg

Speed, m/s Speed, °/s

z r X <P a P H L B

0.5 1525 2 0 0
0.3

750
1 . 0

300
0.3

360
90

360
180

90
90

1

960 950 750 450-

1 . 0 1400 350
0 . 6

1 0 0 0
1 . 0 - 250

1 0 0
350
180

-
0.3 300

0.5
1 0 0 0
0 . 8 - 270

1 1 0
180
180

0.076 76 305 - 270 270 14

0.75 1 0 0 0
1 0 0
0.5

500
0.75 - 90

225
90. 180

600 1240 1260

1. 5 305 610 - 240 - 1440 1035

2 . 0 1650 600
0.40

500
0.50 - 2 2 0

60
180
90

90
90 1600 2 0 0 0 950

V
1400

1 . 0 924 300 
0. 50

600
0.50

-

2 0 0
90

180
180 - 1470 1155 730 800

1 . 0 1185 250
0.25

500
0.35

240
60

180
60 - 1235 600 1 0 0 0 480

0 . 1 1600 1 2 0 0
0-40

1 1 0 0
0.50

2 2 0
90 - 90

90 1 0 0 0 1600 800 750

0 . 2 - 2 0 0
0 . 2

400
0.4

270
90

180
360

-

1208 1035 650 510

1 . 0 1 0 0 0
1 0 0
0.5

500
0.7

180
2 2 0

90, 180 
600 1 0 1 0 1237 500 620

0 . 1 1 1 0 0
300
■0.5

250
0.5

2 2 0
60

180
90

90
90 1 1 0 0 1 2 0 0 300 700
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§3n.™

Japan

Robot model 
(firm)

Lo
ad

 c
ap

ac
ity

, 
kg

N
um

be
r 

of
 a

xe
s

N
um

be
r 

of
 a

rm
s

Kawasaki MHU 
SENIOR (Kawasaki 
Heavy Ind.)

15 3

1SYSTEM HAND 
SR-10 (Kuroda 
Precision)

2 0

4

Autohand AH-40

4Autohand 4-5

2

Autohand
AH-40/40-2 4-5

Autohand AH-60

5

2-4 1

Autohand
AH1-0/40 5 2

Autohand AH-60-3 2-3 1

Autohand AH- 6 5 4-5 2

JON-FX
JON-FH

5
1 0

4 1

►
Q

cou

e
<*>•3ki ^Ags
•Sis |3 W to
£  bD-Sa

2A

? !
5 S 
£ 2S (30

0
53

l | *  
1 1 1  
—£re 
2 « i
1 a s
8 So

60

24

100

SA

25

100

24

,No/e. Model MH-3 has four arms placed crosswise; models RIMP-4 02 and Pirin-521 have
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Table 4.3. (continued)
R

ep
ea

ta
bi

lit
y,

±m
m

M
ax

im
um

 a
rm

 
re

ac
h 

R
, 

m
m

Linear motion, mm Angular motion, °

V
er

sio
n

Overall dimensions, 
mm

bo
M
DO
CO
os

a

Speed, m/s Speed, °/s

z r X <P a P H L B

0 . 1 1660 500
0.3

1 1 0 0
1 . 0

-

360
90 - -

1

2

1

1290 1 1 2 0 1 1 2 0 500

0.5 1248 300
0.5

500
0.5

240
90

180
90

-

915 995 745 390

0 . 1

1 0 0 0

1 0 - 1 0 0

260-
400
1 . 0

450-
600

1

- 0 - 1 2 0
90

90-180
180

793 - 690

250

270

250

1340

0.3

400
0.5

-

1 0 0 0 1 0 - 1 0 0
0 . 2

260-
400

1

90
1 2 0

2 1027 902 660

1340

0 - 1 0 0
0.3

600
0 . 8

- - 1 925 590 1 0 0

1 0 - 1 0 0 450-
600

1

0 - 1 2 0 90-180
2 793 690 250

0 . 1 90 180

0.5 1235
", ' *

150
0.3

700
0.7

1 2 0
90

180
90 1 920 800 760 450

arms arranged pairwise at 180°.



76 GH. 4. INDUSTRIAL ROBOT DESIGNS

Table 4.4. Technical Characteristics of Floor-Mounted Industrial Robots with Horizontal

Robot layout and 
basic motions
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Tnlescopic Arms and Lifting Carriages

Linear motion, mm 
Speed, m/s

Angular motion, ° 
Speed, °/s

Overal dimen
sions, mm

bo

TO
r X y z <P a P H L B ca

a

500 400 250 360 2 0 0
0.5 o 60 2 0 0 2 0 0

1 2 0 0 1 0 0 0 400 1 0 0

500 500 240 270
0.5 0.3 45 45 1700 1 0 0 0 1 0 0 0 500

600 270 180
0.3 _ 600 90 T o 1800 970 754 1 2 0

0.3
625 240 180
0.3 30 45 2050 1877 740 105

1060 1 2 2 0 760 240 180 280
0.9 0.46 0.9 90 180 1 0 0

1885 1098 6 8 6 262

3404 810

914-1525 1220-6095 914-1525 300 300 180
0.76 0.45 0.76 60 45 45 3429 1116 1116 920

V 3556 1080

1 1 0 0 - 0 0 2 1 0 180 90
1 . 0 0-5 60 60 30 2179 700 650 750
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T ab le  4.4. (continued>

Linear motion, mm Angular motion, ° Overall dimen
Speed, m/s Speed, °/s sions, mm

tuoX

r X V z <P a 3 H L B
mtoa
2

400
1 . 2

630
1 . 2

900

630
1 . 0

750
1 . 0

270
60 - - - - - 1 0 0 0

1 0 0 0
0 . 8

1 0 0 0
0 . 8

1 2 0 0

800
0 . 8

- - 800
0 . 8

2 2 0
60

180
90

180
90 2450 1 0 0 0 850 1050

40
0 . 2

1 2 0
180 340 256 95 1 2

- 125
0.15

90
1 2 0

- - 370 383 140 2 0

63 
0 .  1

1 2 0
90 330 2 1 0 340 30

762
762
0.9 -

0.9
up to 
4000

-
300 270 1885 1098 6 8 G 262 ]

-
0.46

762

240
90

90 90

762
0.9

0.9

914-1524
300

90 3404 810

014-1524 To
0.9 300 270 3429 9200.914 order 90 90

1220-6095 ■ •. -■
3100

1116 1116

0.46 300 930 3
914-1524 60 300 270 3100

014-1524
0.762

0.762 60 60

300
45

270
45 3556 1524 1524 1080
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Robot model 
(firm)

Lo
ad

 c
ap

ac
ity

, 
kg

N
um

be
r 

of
 a

xe
s

N
um

be
r 

of
 p

ro
gr

am


m
ed

 c
oo

rd
in

at
es

D
ri

ve
 f

or
 b

as
ic

 m
o

tio
ns

ALMART PE-3 3 3 3

PMHY Junior
5

3 3

, Versatran E-401 4 4

Versatran E-302
9-45 5 5

H

VA-700X500

; Uniman 
UM1320PT 10-30 4 4

Type PTP
10-30 5 5

Machine-Hand
15 4 4

Conslarm (CP)
2 0

5 5

DMIR-DM-20 4 4

Type 207 2 0 5 5 P

Taibot N-25 25 5 5
H

Conslarm (PTP) 30 5 5

Machine-man
Hand 30 3 3 E-P

Workmate
ZA-24-1 30-50 3 3

H
Workmate
ZA-25 30-50 4 ' 4

Type C 
MIR-CM30 3d 5 5

£a>
CO

I
£at*b£Ou<A

T3Obe
t £
2 6

p T

St
or

e 
ca

pa
ci

ty
 (n

um


be
r 

of
 c

om
m

an
ds

)

R
ep

ea
ta

bi
lit

y,
 

± 
m

m

M
ax

. 
ar

m
 r

ea
ch

 R
, 

m
m

30 0.5 1430

30-60
0 . 1 1250

0.5 1132

20 (50)

1

1 1 2 1

30
1150

1130

300 2

256

1400 1500

30 1750

30 0.5 1270

24 3 1030

40 1 1500

1 2 5 650

50 3 1 0 0 0

50 3 1 0 0 0

300 2 1779
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Table 4.4 . (continued)

Linear motion, mm 
Speed, m/s

Angular motion, ° 
Speed, °/s

Overall dimen
sions, mm

M
as

s, 
kg

r X y z <P a P H L B

700
0 . 6

-

1 0 0
0.08 -

-

90
80

550 600
590

500
1 . 0

150
0.5

270
180 - 50

700
0.7

500
0.9

180
180

180
90

- 1575 1325 600 400

702, 1067 762 240
90

180
90 1098 1820 674 5600.912 0.912

500
0.25

700
0.7

240
40

180
1 0 0 - 1735 1190 700

750
760
1 . 0

760
1 . 0

240
90 180

180
180
180

1800 1530 730

700
0.5

700
0.5

240
60

2 0 0 0 1 0 0 0 650 600
600

0.25
600 2 2 0

90
90,180 -0.25 90

1 0 0 0
1 . 0

700
1 . 0

240
80

180
2 0

180
2 0

245 850 800 800

600
0.5

180
90

90
90 - 1994 1850 1150

500
0.29

500
0.26

240
50

180
40

180
40 1680 1720 460 390

700
0.5

700
0.5

2 2 0
24

180
90

2 2 0
90 1800 2430 - 730

1 0 0 0
1 . 0

700
1 . 0

240
80

180
2 0

180
2 0

- - - 800

50
0.05

150
0.15

90,180
90

. 180

-

1400 950 1 0 0 0 150

500
0.35

500 
0.35 ‘

450
0.25

2 2 0
90

1810 1500 760 1 0 0 0

1 0 0 0
0.5

750
0.5

2 0 0
90

90 2 0 0
90 2380 1430 860 1190

(i —082
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C
ou

nt
ry

 (
m

an
uf

ac


tu
re

r)

Robot model 
(firm)

L
oa

d 
ca

pa
ci

ty
, 

kg

N
um

be
r 

of
 a

xe
s

N
um

be
r 

of
 p

ro
gr

am


m
ed

 c
oo

rd
in

at
es

D
ri

ve
 f

or
 b

as
ic

 m
o

tio
ns

C
on

tr
ol

 s
ys

te
m

M
et

ho
d 

of
 p

ro
gr

am


m
in

g

St
or

e 
ca

pa
ci

ty
 (n

um


be
r 

of
 c

om
m

an
ds

)

R
ep

ea
ta

bi
lit

y,
 

± 
m

m

M
ax

. 
ar

m
 r

ea
ch

 R
, 

m
m

Japan

203A-PTP 50-
1 0 0

5 5

H P T

40 2 1295

203A-DPP 50-
1 C0

5 5 1 0 0 0 2 1295

Type RA 60 4 4 50 1 1250

RA 60 4 4 50 1 1250

Matbac
IRC-3C 60 6 6 1 2 0 0 1 2 0 0 0

Table 4.5. Technical Characteristics of Robots with Revolute Arms and Lifting

Sketch Characteristic

Total load capacity per arm, kg 
Number of axes of motion 
Number of programmed coordinates 
Store capacity (steps) 
Repeatability, mm 
Max. arm reach R, mm 
r, mm
Velocity along r, m/s 
z, mm
Velocity along z, m/s 
<P°
Angular velocity thru <p, */s 
a°
Angular velocity thru a, °/s 
P°
Angular velocity thru 0, °/s 
Overall dimensions (LxBxH), mm 
Mass, kg

Note. The number of arms (grippers per arm) is 1 (i). These robots are hydraulically 
teach mode. _____
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Table 4.4. (continued)

Linear motion, mm 
Speed, m/s

Angular motion, ° 
Speed, °/s

Overall dimen
sions, mm

M
as

s, 
kg

r X V z <P a 3 H L B

800
0.25

- -

800
0.25

240
45

1 8 0
70

180
70 2300 1940 800 1 0 0 0

800
0.25

850,1050 500,800 180,250 90,180 - - - -

2 0 0 0

1 . 0 05 1 0 0 1 0 0
1 2 0 0

1 0 0 0
0 . 6

700
0.5

140
60

180
90

90
90 2161 800 1950 800

Cnriages (Japan)

Type A MIR-AH10 
(Nagoya Kiko Co., Ltd.)

ULB-1300 (Icnikon 
Industries, Ltd.)

Matbac IRB-10 (Tokyo 
Keiki Co., Ltd.)

1 0 15
4 3 5
4 3 4
- 2 0 1 2 0 0

± 0 .4 ±0.5 ± 2

2300 2150 1530
1500 1300 800

1 . 0 0 0 0.700 0.800
350 - 2 0 0

0.350 0 . 2 0 0

180 90 2 2 0

90 90 90
90 90 180
90 90 90

- 90
90

1100x«M xl524 1200X1500X1500 650X1000X867
250 500 300

driven and have point-to-point control systems. Programming is done by switching to

I*
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T a b l e  4 . 6 .  Technical Characteristics of Floor-Mounted Industrial Robots with Telescopic
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4film Operating in a Spherical Coordinate System
| 

R
ep

ea
ta

bi
lit

y,
 ±

m
m

M
ax

. 
ar

m
 r

ea
ch

, 
m

m

Linear motion, mm Angular motion, ° Overall dimen
sions, mm

M
as

s, 
kg

Speed, m/s Speed, °/s

r X V <P 6 P a H L B

0.3

2294 1 0 0 0
0.4

400
0 . 1 2

- 340
50

50
2 0

190
70

360
180 1440 1440 1600 2 1 0 0

1810 900
0.9 - - 340

36
50
2 0

2 0 0
90

360
180 1300 1300 f600 1500

2044 1 0 0 0
0.4

400
0.08 - 340

45
40
1 0

190
80

360
90 1260 1440 1670 2300

2 1 0 0
1 0 0 0
0 . 6

400
0 . 1 2

- 340
90

50
2 0

190
1 0 0

360
1 2 0

1260 1440 1670 2300

1

1 271 2300
!

800
0.75 - -

2 2 0
1 1 0

+ 30 to 
-2 7  
60

2 2 0
60

2 0 0
1 1 0

1620 1310 1300 1 1 0 0

1.25 2838 1350
0.75 - - 2 2 0

1 1 0
52 2 2 0 1 2 0 0 - 1 2 2 0 1600

1.25 2013 1050
0.75 - - 2 2 0

1 1 0
57 2 2 0

300
1 1 0

1 2 0 0 915 1 2 2 0 1600

1.25 2838 /350
0.75 - - 2 2 0

1 1 0
52 2 2 0 1 2 0 0 915 1 2 2 0 1600

2 2929 1300
0.75 - - 2 0 0

65
50
35 230 1292 1575 1372 2050
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2
0<+*OCtf
0ss
&•4-*(3
§U

Robot model (firm)

Lo
ad

 c
ap

ac
ity

, 
kg

N
um

be
r 

of
 a

xe
s

N
um

be
r 

of
 p

ro
gr

am


m
ed

 c
oo

rd
in

at
es

Auto-Mate 5 6 6

Robot Sprayer 13.6 5.6 5

Robot Welder 13.6 6 5

Little Giant 30 5 5

Polar-6000 60 6 6

Unimate Mark II 11-34. 5 5

Unimate Mark II 
FLR 35 5 5

Unimate 2000 35-61
5-6 5-6

Unimate 2000B 136

Unimate 2000C 136 - 4

Unimate 2005F - - 4

Unimate 2005H -

Unimate 2100 50-70 5 | 4

Unimate 2100B 136 5 4

Unimate 2100C 123 5 | 4
Unimate Space 
Saver 2000 45-68 5 4

Unimate Space 
Saver 2100 45-68 5 4

Unlmate RIG 
Mode 1 - 5 4

Unlmate RIG 
Mode 2 - 5 4

Unlmate 4000 5 4

Unlmate 4000 
6 -axis

H9 *
225

6 6

«Q
hi
£
►
*CQ

&
2+»
I

a
COSh
2a
o
■g

1 !

>Qa
0

o'®

S i
| 8

Italy

USA

H

CP

P or 
CP

CA

63

As to CS 
type 128, 
256, 512, 
1024 and 

more
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Table 4.6. (continued)
±m

m S
a Linear motion. mm Angular motion, e Overall dimen

.o<TJ irm
 r

ea
ch Speed, m/s Speed,i #/s sions, mm

$'d
K
a

Xcd
S

r X y <P 6 P a H L B i
a

4.0
- 609 - 380 90 to 

1 2 0 1 0 - 180

2108 914
1.7 - - 85 70 2 1 0 - 568

1 . 0 2050 882
0.15 - - 82

30
48
30 180 - 560

1 . 0 1950 860 -  1 - 240 60 180 270 1302 610 610

1 . 0 298 0 1300
1 . 0

- - 2 1 0
8 6

50
37 240 360

172 1400 - 1340 3700

1.27
2419

1 2 0 0
1270

2 2 0
1 1 0 57 180 1239 1594 1219 1589

1 . & 1350
1270

240
1 1 0

1 1 0 1 0 0

1.27 1589

1.3 2013 1040
750

- 57
36 1271

- 1 0 0 0

1 27 2838 1350
750

57
35

2 2 0

1 2 0 0 1594 1219
1318

1 27 2838 1350
2 0 0
1 0 0

1 1 0

1.3 2838 1350 2 2 0
1 1 0

1 03 2838 1350 300 1045

1.27 2013 1066
57
36

n o

1.27 2838 1371
52
35

1 2013
57
36

1293 1575 1372 1271

1 2013
,

1320
57
35

2 2929 2 0 0 50 230 2300
2 2929 65 35
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C
ou

nt
ry

 (
m

an
uf

ac
tu

re
r)

Robot model (firm)

Lo
ad

 c
ap

ac
ity

, 
kg

N
um

be
r 

of
 a

xe
s

N
um

be
r 

of
 p

ro
gr

am
m

ed
 

co
or

di
na

te
s

D
ri

ve
 f

or
 b

as
ic

 m
ot

io
ns

C
on

tr
ol

 s
ys

te
m

M
et

ho
d 

of
 p

ro
gr

am


m
in

g

St
or

e 
ca

pa
ci

ty
 (

nu
m

be
r 

of
 c

om
m

an
ds

)

USA

Prab-4200 34

5 5

H

P

T As to CS 
type: 24, 30 

or 60

Prab-4200H 57

Prab-5800 23

Prab-5800HD 45

Japan

Tokyo Shibaura 
Electric IX-12 iO 5 5

MD
300

Tokyo Shibaura 
Electric IX-15 2 0 6 6 500

Kawasaki Unimate
5030 iO 7 7 MW 512

Kawasaki Unimate 
2 0 0 0 35 5 5 MD 180

Kawasaki Unimate 
2030C 35 5 5 CP

MW

512

Kawasaki Unimate 
2040 35 5 5

P

512

Kawasaki Unimate 
2030P 35 5 5 512

Kawasaki Unimate 
2600 35-75 6 6 MD 180

Kawasaki Unimate 
4030 45-135 6 6

MW

512

Uniman
UM3600-MP 40-75 6 6

Uniman
U1VJ3500-MP 40-75 5 5

Type PB 50 5 5 612

Matbac IPA-50 80 5 1 5 28
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Table 4.6. (continued)
R

ep
ea

ta
bi

lit
y,

 ±
m

m

M
ax

. 
ar

m
 r

ea
ch

, 
m

m
Linear motion, mm Angular motion, ° Overall dimen

sions, mm

M
as

s, 
kg

Speed, m/s Speed, °/s

r X y <P 0 P a H L B

0.7 2541

1060
1 . 0

1470
1 . 0 0

- - 270
90

2 0
15

90
45

90
180 1372 1435 889 -

1 . 0 1900 700
0.7 - - 2 2 0

90
30
30

2 2 0
90

2 2 0
90 1410 1 0 2 0 1 0 2 0 600

1 . 0 2515 900
0.7 - 360

90
2 2 0
90

30
30

2 2 0
90

360
90 1650 1 2 0 0 1 2 0 0 1300

0.25 1382 600
1 . 2

300
1 0 0 0

360
180

240
180

30
60

2 2 0
180

360
180 1 2 0 0 1280 640 1300

1 . 0 2418 1041
0.762 - - 2 2 0

1 1 0

+ 30 to 
-2 7  
30

2 2 0
1 1 0

360
1 1 0

1435 1620 1230 1500

1 . 0 2418 1041
0.762 - - 2 2 0

1 1 0
2 2 0
1 1 0

360
1 1 0

1435 1620 1230 1500

1 . 0 2418 1041
0.762 - - 2 2 0

1 1 0
2 2 0
1 1 0

360
n o 1435 1620 1230 1500

1 . 0 2426 895
0.625 - - 2 2 0

1 1 0
214
1 1 0

250
n o 1640 132Q 1 2 2 0 1800

1 2476 895 - 360 2 2 0
1 1 0

+ 30 to 
-2 7 2 2 0

1 1 0
360
n o 1550 1620 1230 16000.762 90 90

2 2928 1320 - 2 0 0 2 0 0
65

+ 25 235
1 1 0

300
n o 1594 1575 1372 2 0 0 00.915 1 1 0 50

1 2125 1 0 0 0 - 180 240
1 2 0 +27 to 

-3 3

2 2 0
1 1 0

360
1 2 0

1260 1280 - 1900
0 . 8 1 2 0

1 1 0 2 0
* 0 0 0 - - 240

1 2 0
2 2 0
1 1 0

360
1 2 0

1260 1280 - 1800
0 . 8

35

1 1975 1 0 0 0 - - 2 2 0
1 1 0

±30 2 2 0
1 1 0

360
180 1530 1270 1885 16000.75 30

2 1750 800
0 . 6 - - 2 2 0

60
±45

60 ±90 180
60 1590 865 2510 700
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'T a b l e  4 . 7 .  Technical Characteristics of Overhung Telpher-Type Industrial Robots

Design 1 Design 2

C
ou

nt
ry
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an
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r)

Robot model 
(firm)

Lo
ad

 c
ap

ac
ity

, 
kg N

um
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r 
of

 a
xe

s

D
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ig
n

N
um

be
r 

of
 a

rm
s

N
um

be
r 

of
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ri
p

pe
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 a
t 

on
e 

ar
m

D
ri

ve
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or
 b
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m

ot
io

ns

C
on

tr
ol

 s
ys

te
m

USSR

CM80IJ48.11 80 3 1 1 2

H

C

CM80U.25.01. A 80 3 1 1 2

PC-2511 25 6

1 1 2

P
ynM -331

PC-40-U 40 5

C M 4002.80.01 40 4 4 1 1

y M 1 6 0 0 2 .8 1 . 0 1 160 4 4 1 1

CM16002.05.01 320 3 3 2 1
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if*
Design 3 Design 4

M
et

ho
d 

of
 p

ro


gr
am

m
in

g

St
or

e 
ca

pa
ci

ty

R
ep

ea
ta

bi
lit

y,
±m

m

M
ax

. 
ar

m
 r

ea
ch

, 
m

m

Linear motion, mm 
Speed, m/s

Angular 
motion, °

M
on

or
ai

l 
le

ng
th

, 
m

2
ia
3

Speed, °fs

1  1 V 1 z a | 0

SA

2 0
commands 1.5 800 2070

0 . 2 - 320
0 . 2

- 15
15 2 . 2 280

80
commands 0.3 1500 3600

0 . 8 - 1 0 0 0
0.5

180
90 - 5.75 2 2 2 0

T 0.5  K

V'

0.5 400 3100
0 . 8 . - -

4.0

2850

0.5 730 3100
0 . 8 - 400

0.4
180

45 - 3000

0.5 1900 1 0 0 0 0
0 . 8

3000
1 . 2

1 0 0 0
180
30

180
30 1 2 3400

0.5 2300 16000
1 . 2

2560
1 . 8

1 2 0 0
180
90

180
30 18 6500

0.5 1800 8900
0 . 8

- 970
0.3

60
15 1 2 6500
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C
ou
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ry

(m
an
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ac
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Robot model 
(firm)

Lo
ad

 c
ap

ac
ity

, 
kg N

um
be

r 
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 a
xe

s

D
es

ig
n

N
um

be
r 

of
 a

rm
s

N
um

be
r 

of
 g

ri
p

pe
rs

 a
t 

on
e 

ar
m

D
ri

ve
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or
 b
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m

ot
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C
on

tr
ol

 s
ys

te
m

CSR

M63-0L 20 3 1 1 2

H PM63-0H

63 2 2 2 1

M63-OP

Japan

TCA-5 5

2
1. 2, 3 
(to or

der)
1 or 2 1 P C

TCA-12 12

TCA-25 25

Type-RC 60 3

Motohand 30 or 
70

3

1,2 or 
3 (to 

order)
1 or 2

1

E P

Motoloader 60 2 1

Machinehand 120 3 1

Electrohand 200 4 1
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Table 4.7 . (continued)
M

et
ho

d 
of

 p
ro


gr

am
m

in
g

St
or

e 
ca

pa
ci

ty

R
ep

ea
ta

bi
lit

y,
±m

m

M
ax

. 
ar

m
 r

ea
ch

, 
m

m

Linear motion, mm 
Speed, m/s

Angular 
motion, °

M
on

or
ai

l 
le

ng
th

, 
m

M
as

s, 
kgSpeed, °/s

X V z a 0

SA

64
commands

0 .5 800 4000
0 . 8

- 800
0.5 - 180

90 4.7 1300

1 . 0

500 4000
0 . 6

- 500
0.3 - - 6 . 8 1500

800 3000
0 . 6 - 800

0.5 - - 4.8 1350

16
points 0 . 1

300-
600

300-800 -
300-600 -

r

2.5 6000.3 0.3

50
points 0 . 2 800 1300

0.5
750
0.5

180
60 - 1.5

T

24
po in ts 1 . 0 500 1500

0.3 - 500
0.3

180
60 - 1 . 8 180

32
points 0.5 400 1500

0 . 2
- 400

0 . 2 - - 1 . 8

32
po in ts 1 . 0 500 1 0 0 0

0 . 2
- 500

0.15 - - 1 . 2

25
p o in ts 0.5 500 7000

0.3 - 500
0.3

180
90

90
90 1 0 . 0 500
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T a b l e  4 . 8 .  Floor-Mounted Industrial Robots with Multilink Arms
C

ou
nt

ry
 (

m
an

u
fa
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er
) Robot model 

(firm)
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 c
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, 
kg N
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±m

m

M
ax

. 
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ac

h,
 m

m

USSR

Koler
3

5 1

E-H

CP 
memory 
size, to 

900 
words

3

2080

Kontur 6 1 2 0 0 0

IIPK-20 2 0 6 l i

PRB PE-210 15 6 1 2680

GDR

IR-5E 5

5 2 E

0 . 2 700

IR-30E 30 0.4 1800

IR-60E 60 0 . 8 1900

PPR

RMIP-900 1 0 5 1 H

P or CP

2 . 0 2250

PRO-30
4

30 5 1

E
0.4 1760

RPA-80 63 5 2 0.5 1900
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Design 3

Angular motion, ° 
Speed, °/s

Overall dimensions, 
mm

M
as

s, 
kg

<Pi <Pa a 0 1 0 2 03 04 H L B

752 2 1 0 2 2 1 0 2 772 772 - - 1905 800 800 450

902 2 1 0 2 2 1 0 2 902 902 2 1 0 2 -

1802 902 2 2 0 2 902 902 - - 900

902 2 1 0 2 2702 902 902 2 1 0 2 - 1800 700 700 550

300
90

-

180
180

75
90

75
90

180
90

- 1 0 0 0 700 700 2 0 0

- - 1600 800 800 500

- - 2 2 0 0 900 900 800

802 2 1 0 2 2 1 0 2 772 682 - - 1710 700 700 900

360
60

180
1 1 0

60
30

60
60 - - 1585 1230 600 1 0 0 0

330
90 - 360

180
1 1 0
33

180
57

1 2 0
90 - 1500 900 900 1340
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C
ou

nt
ry

 (
m

an
u

fa
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er

) Robot model 
(firm)

Lo
ad

 c
ap

ac
ity

, 
kg N

um
be

r 
of
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xe

s

D
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D
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ve
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or
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m

ot
io
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C
on
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ol

 s
ys

te
m

R
ep

ea
ta

bi
lit

y,
±m

m

M
ax

. 
ar

m
 

re
ac

h,
 m

m

GSR PR-32E 80 6 2 E P or CP 0 . 6 1720

Italy

Painter (Basfer) 25
6

3

H U 0.4 2 1 0 0

ROB’OT-20 50 E P 0.5 2600

Spraying Robot 136 5 H CP 4.0 1270

Sweden

ASEA IRb- 6 6

5 2 E P
0 . 2 1159

ASEA IRb-60 60 0.4 2288

Coat-a-Matic 15 6 1 H CP 4.0 2185

Norway Trallfa-3000S 14

6

1

H CP

1 . 0 2185

Japan Mitsubishi-iwata 3 1 2 . 0 2 2 0 0

Note . Programming is done by teaching.

i  The robot base can travel along track for 1500 mm.
a The maximum working velocity of the robot arm on adding up all angular motions
3 The velocity of the robot arm on adding up all angular motions is up to
4 The velocity of the robot arm on adding up all angular motions is up to 1.5 m/s

D esignation
PRB — People’s Republic of Bulgaria 
HPR -  Hungarian Peopjes’s Republic 
PPR — Polish People’s Republic 
GSR — Czechoslovak Socialist Republic 
PRG — Federal Republic of Germany 
SRR — Socialist Republic of Rumania
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Table 4.8. (continued)

Angular motion, ° 
Speed, °/s

Overall dimensions, 
' mm

M
as

s, 
kg

<Pi <P2 a/ ei 02 03 04 H L B

270
90 - 360

115
70
90

75
90

330
115

250
115 1950 840 920 1340

90
60

240
90 - 60

60
135
60

240
60

240
90 1650 980 980 590

270
60

150
90

350
30

106
60

1 1 0
' 60

2 0 0
60 - - - - 1800

180
45

180
1 2 0 - 160

90
155
90

180
1 2 0

- - - 568

340
95 - 360

195 803 653 1803 - 1150 462 4 62 500

330
90 - 360

150 704 654 150
90 - 1600 800 800 950

1352 2 1 0 2 3602 902 902 2 1 0 2 - 940 700 700 250

932 2 1 0 2 2 1 0 2 752 682 2 1 0 2 - 1750 750 750 450

7 02 2 1 0 2 2 1 0 2 772 7 7 2 902 - 1950 710 710 800

l« lip to 2  m/s.
I t m/s (up-down) and up to 0.75 m/s (in-out). 
Up-down) and to 1 . 0  m/s (in-out)*

7-082
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Table 4.9. Technical Characteristics of Multilink-Arm Robots of the SandstrandTModel 
(Sandstrand Machine Tool Co., USA) and 6 CH-Arni Model (Cincinnati Milacron 
Co., USA)

Characteristic Sandstrand 6 CH-Arm

Load capacity, kg 11.35 54-136

Number of axes of motion 5 6

Drive for basic motions E-M E-H
Control system Minicomputer Minicomputer
Method of programming Training thru first 

cycle of motions
Training thru*first 
cycle of motions

Repeatability, mm ±0.3 ±1.27
Max. arm reach, mm 1207 2464
Max. arm velocity, m/s i.O 1.27
Angular motions,

o i 330 240

©2 70 125
©3 105 240
©4 270 190

©5 360 180
©6 - 240

Overall dimensions, mm:
H 1524 1500
L * 400 990
B 400 990

Mass, kg 363.2 2267
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Table 4.10. T echnica l C harac te ris tic s  of R obots of V icarm  In c . (USA)

Characteristic MIT-Arm Stanford-Arm

Load capacity, kg 1.5 5

Number of axes 6

Number of arms (grippers per arm) 1 (1 )

Drive ^ E*M

Control system

Number of programmed coordinates

Computer PDP-11 

6

Method of programming Teaching

Repeatability, mm Below ±1*0

Max. arni,.re0Ch R, mm 900 1 0 0 0

Time of travel between any most distant points, s 1 2

7*
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Table 4.11. T echnical C h a rac te ris tic s  of F lex im an  R obots of AM F (USA)

Characteristic Flexi-
man-l

Flexi- 
man-2

Flexi-  
man- 3

Flexi-
man-4

Total load capacity per arm, kg 0-7 1.5 5.4 1 1 . 0

Number of axes 3

Number of arms (grippers per arm) 1 (1)

Drive E-M

Control system P

Number of programmed coordinates 3

Method of programming Training thru one cycle of motions

Store capacity (steps) 16

Repeatability, mm ±0.25 ±0.25 ± 0 .3 ±0.37

Max. arm reach R, mm 510 710 1070 1830

Up motion z, mm 254 355 535 914

Angle of rotation, °:

<P * 360

a 1 2 0
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Table 4.12. Technical Characteristics of Multilink-Arm Robots of Unimation 
Europe Inc. (England)

Side view of robot Top view of Puma Top view of robot of
robot the Unimate Multi-

Arm Robot System

Characteristic Puma series 
250

Puma series 
500

Unimate Multi-Arm Robot 
System Model 6060

Load capacity, kg . 1.5 2.27 2 0 60 ;
Number of axes of motion 6 5 5
Number of arms (grippers
per arm) 1 (1)
Drive P H
Control system ]3

Number of programmed co
ordinates 6. 5 5
Repeatability, mm ± 0.05 ± 0 . 1 ± 1 . 0

Max. arm reach R, mm 400 860 630
Linear motion y, mm 500, 850, 1300_
Angle^of rotation, °:

ei 310 2 0 0 70 1 70

02 300 270 90
<P 330 320

« -  •# 360 - 360
Y 360 270
P 240 2 0 0 2 2 0
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T a b l e  4 . 1 4 .  Technical Characteristics of Robots with Anthropomorphic Arms (Japan)

Characteristic

U
M

56
00

-S
P

U
M

55
00

-S
P

A
rt

ic
ul

ar
 t

yp
e 

K
A

R-
2

K
T1

01

Load capacity, kg 5 5 12 50 (100)
Number of axes of motion 6 5 6 3
Control system CP P
Number of programmed coordinates 6 5 6 3
Store capacity (steps) 40'o 256 30
Repeatability, mm ±10 ±1 -
Max. arm reach R, mm 2390 1011 700
Angle of rotation, °:

<P 90 240 100
a 220 - 180 -
0 90 125 77

0i 90 90 118

V 220 150 -
3 220 180 -

Mass, kg i 650 630 400

Note. The robots are hydraulically driven and programmed by teaching.
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T a b l e  4 . 1 5 . Technical Characteristics of Fujitsu Fanuc Robots (Japan)

Fanuc robot model-0

Fanuc robot model-2 Fanuc robot model-3

Characteristic Model-0 Model-1 Model-2 Model-3

Load capacity, kg 10 20 31 50
Number of axes of motion 6 5 5 5
Number of grippers at arm 
Drive for basic motions 
Control system
Number of programmed coordinates 5 1

1-2
E-M
P

1 4 1 5 1 5
Method of programming 
Store capacity (points) 
Repeatability, mm

100, 300
Teac

300
hing

50-704 300-6000*
±0.5 ±1.0 ±1.0 ±1.0

x. mm 150 — — —

Velocity along x , m/s 0.5 — — —

2 , mm 150 500 800 1200
Velocity along 2 , m/s 0.5 0.5 0.5 0.5
R, mm — 800, 1100 1100 1200
Velocity along R, m/s 1.0 0.5 1.0
A, 0 90 — — __

Angular velocity thru A, °/s 
C, 0

120
135

Angular velocity thru C, °/s
e, 0

120
300 300 300

Angular velocity thru 0, °/s 60 60 60
a, 0 90, 180 90, 180, 270 300
Angular velocity, thru a, °/s 3, 0  “x *

90
270
90 90 80

180 90 90 190
Angular velocity thru 3, °/s 120 0.5, 30 60 180
Overall dimensions LxB xfl, mm 1250 X 1505X 1850X 1825X

X 340x720 XlOOOX X 1000X X 11 5 0 X
Mass, kg 110

X2179
750

X 2710 
1800

X 2500 
1700
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Table. 4.16. Technical Characteristics of Robots for Servicing Die Forging Presses 
{USSR)

Characteristic KM10IL31.01
(Pnr-10)

KM40H.31.01
(pn r-40 )

Total load capacity per arm, kg 10 | 40

Number of axes 3

Drive P-H
1

H

Control system
c

Number of programmed coordinates 2
Method of programming Stop adjustment
Repeatability, mm ±0.5

Linear motions:

r, mm 1000

velocity along r, m/s
1 • 0

9, ° 7 7
Angular velocity thru 0, °/s 5.0 19

0 90 90
Angular velocity thru 3, °/s 90 100
JL, mm 2870 3130
H , mm 1270 1280
Mass, kg 600 2000

4.2. INDUSTRIAL ROBOTS 
OF THE MODULAR TYPE

Basic principles of constructing mo
dular (unit-type design) robots. De
signing new models on the basis of 
unified building blocks (modules) of
fers the possibility of creating a wide

range of devices with parameters 
which satisfy the needs of various 
users.

The modular design concept is ad
vantageous in that it permits the de
velopment of specialized machines 
tailored to specific production tasks. 
Since they are designed to perform a 
limited number of functions, such ma-
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chines are cheaper than universal 
robots. Modular robots are built up 
of preliminarily developed blocks. 
This cuts down the time and labor 
needed to evolve a workable design 
and enables the engineer to combine 
the available blocks with new ones to 
get the desired version proceeding from 
the known design solutions, thus ex
tending the list of models. If it is 
known that the modules selected to 
form an integrated robotic system are 
equal to the job, the reliability of the 
robot specially tailored for a particu
lar task certainly increases. In short, 
the building block approach enables 
the engineer to make do with a limi
ted number of standard parts and 
units, predict their performance, and 
introduce timely maintenance. This 
approach raises the maintainability 
and reliability of models and minimi
zes costs since the parts and blocks 
required to construct a special-pur
pose robot are unified components ma
nufactured in large volumes.

On the other hand, a limited list 
of parts, blocks, and functional modu
les is a disadvantage since the desig
ner has to rely only on these com
ponents as he works out the me
chanical system of a specific robot 
model. This situation may sometimes 
lead to an unwarranted decrease in the 
performance capabilities of the mach
ine. In striving to achieve the desired 
oaths of motions of slave mechanisms 
ny resorting to the available set of 
simple functional blocks, each of which 
provides one or two types of motion, 
there is a risk of accomplishing the 
end at the cost of an increase in the 
number of joints and the mass of the 
construction, a decrease in its rigidi
ty, and impairment of the dynamic 
characteristics and accuracy of the 
parameters. In some cases, decisions 
are taken which are less beneficial 
from the viewpoint of design but are 
more consistent with the adopted prin
ciple of modular construction.

The approaches and principles em
ployed by project engineers in develo
ping modular systems are different. 
Much still remains to be done in deve
loping modular systems to enable the 
construction of multifunctional ro
bots in a variety of arrangements fea

turing a wide spectrum of the main 
characteristics (the load capacity, 
speed, size and shape of work areas) 
and capable of operating using vari
ous control and driving systems.

Classification of modular robot 
designs. It is possible to classify the 
designs by the following basic fea
tures essential for the development of 
standard (integrated) series and sy
stems: (a) layout or configuration; 
(b) changeability of robot characteri
stics within one standard series; (c) 
application of control systems. These 
features can be separate or combi
ned.

By layout, the modular systems 
may conditionally be broken down in
to two groups. The first comprises the 
systems that rely on one and the same 
layout diagram (single-type robots) 
but may differ in building blocks 
(control systems, additional functio
nal modules that extend the mobility 
of a base model, types of drive that 
change the dynamic performance of 
a design, etc.). The second group inclu
des the systems that differ in the 
layout diagrams (robots of different 
types) and can therefore be used in a 
variety of work areas of whatever 
size and shape.

By the changeability of technical 
characteristics of IR s , the standard se
ries may be divided into three 
groups: (1) series of robot designs with 
constant values of the basic characte
ristics such as the load capacity, speed, 
and the number of axes of motion; 
(2) series of robot modifications with 
a limited spectrum of basic characte
ristics; and (3) multifunctional series 
which permits the development of 
modifications whose basic characte
ristics vary widely.

By the application of control systems, 
one can differentiate the standard se
ries furnished with one type of control 
system, the series complete with va
rious types of control systems, and 
the series that allow the mechanical 
systems to incorporate various control 
systems which constitute their own 
bank.

Basic requirements to be met in 
developing designs. One of the impor
tant principles of the modular con
struction of IRs is the necessity of
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developing individual elements ac
cording to their functional features. 
That is why the building blocks must 
be designed as self-contained units.

The series of building blocks for the 
mechanical system should include a 
unified bank of functional base mo
dules. The term functional module 
refers here to the building block com
prising a drive, control apparatus, and 
terminal connectors to plug the mach
ine into the control circuit. The blocks 
must fit the requirements for strength 
and rigidity within the range of indi
vidual types and sizes stipulated in the 
design specifications. The blocks of 
the mechanical system must lend them
selves to the mutual arrangement in 
various combinations and positions. 
Moreover, these blocks must be easy 
to assemble.

The controls and automatic must 
he fastened to the mechanical system 
or installed separately. The jointing 
elements of blocks of the same series 
must be unified. Unification should 
be envisaged within the range of indi
vidual and contiguous types and sizes 
of blocks; the listing should cover the 
actual types of these blocks, parts, 
accessories, and fixtures.

In evolving a modular system, the 
designer must minimize the number 
of blocks and devices involved. The 
actual modifications of IRs composed 
of blocks must comply with the fol
lowing requirements:

— the design and performance pa
rameters — such as the load capacity, 
velocity of working elements, repea
tability, size of the work envelope, 
type of CS, and degree of protection 
against the environment — must con
form to the purpose assigned to the 
robot and to the conditions of each 
particular production process;

— the block diagram of the robot 
and its arrangement must guarantee 
the minimum scope of manipulating 
actions required to service a particu
lar model of the basic production equip
ment or to perform a specific pro
duction operation;

— the ndmber of axes of motion for 
the robot must not exceed the mini
mum number required to accomplish 
the specified positioning movements, 
and the technical characteristics of

the CS must fit as closely as possible 
(but not excessively) the requirements 
essential for the solution of specific 
production tasks (the principle of mi
nimization in seeking the design so-, 
lution);

— the expenses involved in the de
velopment of a robot production mo
del, the volume of work the robot does 
and the rate at which it performs the 
operations must ensure the technical 
and economic effectiveness of its ap
plication (the lower limit of justifi
cation of robot application); the up
per limit of the rate of operation is 
established proceeding from the re
quirements of the production process 
and from the economically justifiable 
level of its design (including the scope 
of tasks assigned to it).

Unification and normalization of 
the basic parameters of a robot and 
its blocks. This is one of the key prob
lems in developing modular systems.

In embarking on the modular con
cept of robot construction, the engine
er should be aware of the fact that it 
is difficult to follow any one range of 
load capacities. This is because the wor
king load capacity of a robot depends 
on the mass of its blocks and may va
ry significantly on changing one block 
for another, replacing a drive, adju
sting motions for other ranges, or 
using designs which do not provide 
for some motions.

Modular designs often envisage ar
ranging the blocks in various positi
ons, which also has an effect on the 
load capacity. Thus, the load capacity 
specific to a standard series can apply 
only to the most typical modifica
tions or to base models. This quanti
ty serves as the basis for specifying 
the dynamic performance of power 
driven mechanisms.

The dynamic performance (power, 
force, and torque) of robotic blocks 
and functional modules is set up in the 
course of development of the para
metric series of modular systems.

At present, the speeds and motions 
of the working elements of blocks and 
functional modules are laid down for 
each individual standard series of ro
bots, built as a rule around a base 
model. The difficulties involved in 
the solution of the above problem arise
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from the diversity of robotic lay
outs and changes in the dynamic cha
racteristics of the design due to va
rious combinations of the modules 
being joined together.

Designs of jointing elements and 
mounting dimensions of blocks. Contem
porary modular robots are designed 
with two types of block connections: 
clamp and screw.

Clamps fitted on cylindrical rods 
are mainly employed in light-weight 
manipulators. They allow for easy 
linear and angular adjustment of as
sembled blocks.

When fastening with screws, it is 
necessary to provide reference surfa
ces on blocks and holes. Where heavy 
requirements are placed on accuracy, 
basic holes are needed. In simplified 
manipulators, a few jointing ele
ments peimit the blocks to be placed 
in various positions. Relocating these 
blocks enables changing the shape 
and position of the manipulator.

The choice of designs and dimensions 
of jointing elements is central to the 
modular construction of robotic 
systems.

The end effectors of modular robots 
are specified by the load capacity, 
largest.area of the object’s grasped 
surface, and the design and dimensi
ons of the elements (locations) requi
red to fasten a hand (gripper) to the 
end of the robot arm.

The control systems furnished as part 
of a standard series of modular robots 
must be unified according to the chan
nels interfacing the CS with the equip
ment and the robot’s mechanical 
system. The problem of GS unifica
tion lies in evolving control system 
models to be built up of standard 
blocks and assembled at the manufa
cturing factory.

Modular systems depending on one 
basic layout diagram (single-type ro
bots). The Series JIM40 II .00.00 
with a narrow spectrum of technical 
characteristics comprises 24 models 
which differ in  the number of axes 
(2 to 6), the shape of work areas, and 
combination and arrangement of the 
constituent blocks (Table 4.17). The 
robots of this family are designed to 
automate casting processes in shops 
adapted to in-line production, as,

for example, in investment casting 
foundries. They can also handle 
castings in die casting foundries, ser
vice automatic thermoplastic molding 
machines, and load and unload some 
of the machine tools employed for 
work in mass and large-scale produ
ction.

Gantry automatic manipulators 
(AMs), known as Pirin manipulators 
with a narrow spectrum of basic pa
rameters, are produced by the NPKR 
Beroe enterprise (PRB). They are 
intended to load and unload parts 
shaped as bodies of revolution in ser
vicing metal-cutting machine tools 
in mass and large-scale production. 
Pirin gantry manipulators come in 
two versions: nonreprogrammable
manipulators (auto-operators) and 
programmable manipulators (indu
strial robots). The latter type is equip
ped with a master controller with a ca
pacity of up to 100 commands.

A base model of the Pirin gantry 
manipulator of the B type is shown in 
Fig. 4.12. As can be seen, the welded 
box girder 14 carries a flat guideway
6 and a V-guideway 8. On a lateral 
face of the guideway 6 a rack is cut to 
mesh with the carriage drive gear. 
Mounted on the carriage base are sup
port rollers 2 , plates 9 and 15 to fa
sten arms 10 and 16, a hydraulic ac
cumulator 3, a hydraulic actuator
7 to drive the carriage along the mono- 
rail, and a bracket 5 to support a cab
le 18. The special yoke 4 is provided 
to lift the carriage when assembling 
the structure. The base 1 is set verti
cally or at an angle of 10°. The plate 
9 is hinged and fitted to bars 13. 
The adjustable tie 12 is only needed 
during assembly and is removed after 
the bars 13 are fixed in position. In 
place of the bars 13, some modifica
tions employ a hydraulic cylinder to 
swing the plate 9 with the arm (types 
A , B, E) thus enabling it to pick up 
large-diameter parts. The shafts of 
rollers 2 are eccentric to permit the 
carriage to change its angular positi
on with respect to the monorail, thus 
ensuring contact of the rollers with 
the guides.

The mechanical arms 10 and 16 
are made either with or without a me
chanism for gripper swiveling. The
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T a b l e  4 . 1 7 .  Technical Characteristics of JIM40ll.00.00 Series Modular Robots

Scheme illustrating the arrangement of some modifications of the standard series

Version

Number of axes of motion, 
for layout X z r <P a i a*

47 2 0 06 40 mm deg

01 6 5 4 5

500 500

500

270

1 8 0

180

0 2 6 5 4 5 1 0 0 0

03 5 4 3 4 500 -

04 5 4 3 4 1 0 0 0 -

05 4 3 2 3 500 - -

06 4 3 2 3 1 0 0 0 - -

Note. These robots can handle up to 40 kg and have a hydraulic drive and a cycle cont
rol system. Motion programming is done by setting up end stops. Repeatability 
is ±2.0 mm. Maximum arm reach is 1 885 mm. Linear speed ranges between 
0.2, 0.35 and 0.6 m/s. Angular speed is 90 and 180°/s. An example of notation 
is as follows: for the J1M40LL47.01 model, 47 denotes the layout number and 01 
stands for the robot version.
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Fig. 4.12. Gantry manipulator of the 
Pirin series; type B (PRB)
i, mobile carriage base; 2, support rol
lers of canjageSr 3, hydraulic accumula
tor; 4, yoke; S, cable support bracket;
6, flat guideway with gear rack; 7, hyd
raulic actuator for moving carriage along
monorail; 8, V-guidtway; 9, carriage plate for fastening arm 10; 10, arm; 11, gripper; 
1 2 , adjustable tie; 13, bar; 14, welded box girder; 15, vertical plate of carriage; 16, vertical 
arm; 17, carriage; 18, cable; 1 9 , control console; 20, machine tool, 21, conveyor; 22, ele
ctric power supply cabinet
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Fig. 4.13. Cantilever mobile manipulator of the Pirin series (PRB)
I, machine tool; 2, manipulator carriage; 3, arm; 4, cable; 3, beam; 6, pallet; 7, car

robots are driven from hydraulic cy
linders to enable the arms to execute 
translational motions and the grip
pers to rotate and grasp objects.

Each AM is complete with a hyd
raulic power unit, electric power sup
ply cabinet, and control console. These 
roDots service automatic lines and 
automated shop sections. Workpie
ces arrive at the pickup station on con
veyors or in pallets placed on indexing 
tables. For the gripper to handle a job 
reliably, the axis of a piece moved to a 
fixed pickup position must be parallel 
to the axis of the machine tool spin
dle, and both axes must lie in the same 
vertical plane.

The mechanical system of Pirin ma
nipulators is based on the modular 
principle; this enables laying out 55 
modifications which differ in the shape 
-and size of their gantries, reach, lo
cation and number of arms , and drive 
mechanisms.

Gantry manipulators have become 
the basis for the creation of cantilever 
AMs incorporating the carriage and 
arms of the A type, with the carriage 
moving along a cantilever beam dire
ctly fixed to the machine tool base 
(Fig. 4.13). These AMs service a nar
row range of machines: NC lathes of

GE061 and GEO6201 models (PRB) 
and hydraulically-operated copying 
lathes of DSKP-1000E and D52-N2 
models (GDR).

Table 4.18 illustrates the modular 
construction of AMs. The basic cha
racteristics of these manipulators are 
as follows: load capacity per arm is 
40 kg; repeatability is ±  0.25 mm; 
carriage speed of travel along the mo
norail with stepless speed regulation 
is 0.08 to 0.15 m/s and 0.3 to 0.6 m/s; 
arm’s linear speed is 0,2 to 0.6 m/s; 
and gripper’s swivel motion in either 
direction is through 180°.

The Pirin standard series includes 
modifications (differing in gantry 
length) to service one or two machine 
tools arranged on the right or left 
of the robot for picking up pieces from 
an input conveyor or pallet carrier.

The standard series of Kawasaki 
Unimate robots of Kawasaki Heavy 
Industries (Japan) features a broad 
spectrum of basic characteristics and 
allows the use of various control sys
tems of the same unified group to com
plete all the modifications of mecha
nical systems.

The robots have a single-type lay
out of mechanical systems for large, 
medium, and small load capacities.
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Table 4.18. Pirin Manipulators (PRB)

Basic types of mechanical arm and working motion

f
1, carriage with arms;
2 , support

ir

Main types of support: 
l ,  heavy gantry of two- and four-sup- 
port design; 2 , cantilever monorail 
with one end attached to the lathe 
base; J, light gantry

Design

Type of motion and block

-n 'ft
A B B r E

Special version 
with arm swung 

90°

Number of arms 2 2 2, 4 2 , 1 2 2 1, 2, 3
Arm motion along x  axis 

and x b), mm:
250 + +
350 + — — — — — +

8-082
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Tabl e  4 . 18 .  ( c on t i n ued )

Design

Type of motion and block
A B B r A E

Special version 
with arm swung 

90°

500 + + + + + + + + + +
600 + + + + + + +

Arm swing relative to z axis
thru angle cp: 1 _i_ _ 1

11 + _
r — 

“  + _ _ _ i _ + _
Gripper swivel motion thru
6 :

1 + + —  — — + + + + —

I I + + —  — — — — — + —

Motion along z axis + + + + + + + +
Supporting system 
Gantry: 

light
heavy

Cantilever beam

L, mm
4500-10 000 

(500 mm step) 
4500-10 000 

(500 mm step) 
<  4500

H,  mm 
1900, 2120 

2120, 2320, 3230, 3530 
According to design

The basic characteristics of these ro
bots are given in Table 4.19. Robots in 
this series are either stationary or 
mobile and in floor-mounted or over
head versions (six combinations).

The mechanical systems of the ro
bots are complete with one of the six 
control systems built into the robot 
base or placed separately.

The model 00 point-to-point cont
rol system has a memory for 180 
commands which can be combined 
to form one program or two, four, 
and six subroutines carried on a mag
netic drum. The use of an additional 
drum can double the storage capacity. 
The control system has six input and 
six output channels to route signals 
to and from the external equipment.

The model 30 multiprogram point- 
to-point control system has a memory 
to store 512 commands written on a 
ferromagnetic tape. The use of stan
dard blocks can increase the capacity 
to 2048 commands. The CS is an in
tegrated circuit-based system equip
ped with a built-in self-check block, 
which can independently record and 
run a few programs. The system has 
18 input arid 18 output channels to; in
terface it with peripheral equipment.

The model 40 system executes con
tinuous control over the speed of the 
robot arm and the paths it traces.

This continuous-path control is de
signed for robots employed to perform 
welding, painting, and assembly ope
rations.

The model 60 system provides for 
control over the entire work cell com
prising a few robots and production 
equipment.

The model 50 system is built aro
und a minicomputer to exercise con
trol over a group of robots and equip
ment. It is capable of solving problems 
of adaptive control.

Tahle 4.20 illustrates the pattern 
of integration of robots depending on 
the use of mechanical systems in com
bination with various control sys- 
stems.

Robots with high load capacity 
are largely harnessed to handle 
heavy pieces and perform spot wel
ding operations. Light model robots 
are tailored for assembly and inspe
ction tasks. The listing of recommen
ded areas of Kawasaki Unimate ro
bots application appears in Table 
4.21.

Modular systems with a wide range 
of layouts (robots of different types).
(These may conditionally be broken 
down into two groups: (1) simplifi
ed robots with cycle control systems 
and manipulators tuned to mass and 
large-scale production; (2) multipur-
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T a b l e  4 . 1 9 .  Technical Characteristics of Modular Kawasaki Unimate Robots (Japan)

/, mechanical hydraulically powered system; 2 , control system; y, gripper swivel motion
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Table 4.20.  Modular Unit Construction of Kawasaki Unimate Robots

Robot Mechanical system

Control system

model
0 0

model
30

model
40

model
60

minicomputer-
aided

70 50

Stationary

Light, model 5 0 5000 5030 5040 5060 5070 5 050

Medium, model
2 0 2 0 0 0 2030 2040 2060 2070 2050

30 - 3030 3040 3060 - 3050

Heavy, model 40 4000 4030 4040 4060 4070 4050

Mobile
Light, model 70 - 7030 7040 7060 - 7050

Medium, model 60 - 6030 6040 6060 - 6050

pose robots designed to handle com
plex tasks and adapted for batch pro
duction.

The manufacturers of the first group 
of robots and manipulators with pne
umatic drive mechanisms include the 
Mikrotechnik company of Switzer
land, the Felss company of FRG, 
and companies of other countries.

The standard series of the Felss 
company is composed of blocks pro
viding linear, lifting, and rotary mo
tions and of a set of various end effe
ctors with fixtures. They handle loads 
of up to 5 kg. Their applications in

clude loading and unloading light parts 
in servicing metal-cutting machine 
tools, sheet stamping presses, and 
automatic assembly machines. These 
robots are equipped with unified flu
idic control systems. To perform a fi
xed sequence of steps cycle after cy
cle, these robots can be fitted with 
camshafts ensuring a high production 
rate. Table 4.22 presents tne scheme 
of building up robots in a variety of 
combinations and lists the main tech
nical data of basic modules of this 
series comprising 90 modifications.

Table 4.21.  Recommended Areas of Application of Kawasaki Unimate Robots

Application Robot model

Point welding 2 0 0 0 W2000 W2600
Arc welding AW2040 5140 5040
Die casting 2 0 0 0 2030 4030
Machining 2 0 0 0 5100 5130
Warehousing 2 0 0 0 4000 —

Painting 2400 5140 —

Assembling 5030 5050



4.2. INDUSTRIAL ROBOTS OF THE MODULAR TYPE 117

Table 4.22. Technical Characteristics of Linearsystem Robots of Gierb Felss (FRG) 
uiul the Scheme of Building up Robot Models FL-20/30, FL-40, FL-50, and FL-50-1000

FL30 + 1 FL 20 | +  | ST10 1- F L 2 0 / 3 0

FL20
or

FL30

FL20  
or 

FL 30  
or 

FL40

FL 20  
or 

FL 30

+  1 FL 4 0  | +  | ST10  | -----------►  FL 4 0

+• | F L 5 0 \  + 2 —► FL 5 0

+  | FL 5 0 -1 0 0 0  1 +  2  [  ST JO \— * F L  5Q -10Q Q

Blocks for linear motions

Overall dimensions
Block Linear mo Block mass,

tion, mm
B C D

kg

1 0 0 325 142 4.3
l'L20 2 0 0 425 242 103 5.9

300 525 342 6.3

50 300 1 0 2 2 . 0
Kl .30 1 0 0 400 152 96 2.3

150 500 2 0 2 2 . 6

300 600 372 5 .0
1-1.40 400 700 472 1 2 2 4 . 0

500 800 572 3 . 0

400 820 480 15.0
FI ,50 500 920 580 i l l 1 2 . 0

600 1 0 2 0 680 1 0 . 0

H. 50-1000 1 0 0 0 920 170 i l l 5.0

Blocks for lifting and swinging arms

Block Load capacity, Max. up/down Max. angle of Max. number of
kg motion, mm rotation, ° cycles per min

I'l.lO 0.5 2 0 125 40
K1.24 2.5 — 180 35
F 1,2 5 1 .5 65 180 30
FI.2 6 1 . 0 0 0 180 25
FI.29 5.0 — 180 30
1-1.30 «»v l 5.0 75 180 25

Rote. These robots are pneumatically driven, can handle up to 5 kg, and have a ma
ximum of three axes of motion. The cycle control system has storage capacity 
of up to 10 points. Programming is done by means of end stops. A =  300 mm. 
A =  400 mm, A =  500 mm.
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Tabic 4 . 23 .  Technical Characteristics of the PR-02 Series Robot Models (PPR)

Block
Max. linear 
and angular 

motion

Number of 
positioning 

points
Force deve
loped, Npurpose model ordinal

number

For linear 
motion

MA

501 50 mm

2

2 0

3001 300 mm

3002 300 mm
70

6002 600 mm

MB

2 0 1 2 0  mm 2 0

2003 2 0 0  mm

1504003 400 mm

6003 | 600 mm

MC
321 300 mm 2 0

502 360 mm 30

For rotation

MD
3001 300°

3 -
3603 | 360°

ME
1801 180°

2
1603 | 360°

Note. Pneumatically powered robots, with two to seven axes of motion, can handle 4 to 
6 kg, and have a cycle control system with a storage capacity of up to 32 steps. 
Programming of the motions is through stop adjustment, with repeatability of 
±0.1 to 0.5 mm, depending on the mechanical system layout (combination 
of blocks).



4.2. INDUSTRIAL ROBOTS OF THE MODULAR TYPE 119

Table 4.24.  Layout of MHU-Senior Robots
B
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1 Arm 1 0  kg 
14 kg

6 - 8 1 1 0 0  mm

2 Arm-pivoting
mechanism - 2 + 1 0 ° to 

-4 0 °

* :?r &
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Table 4.24.  (continued)

The standard series PR-02 robot 
models (PPR) with a load capacity of 
up to 6 kg is built up of pneumatical
ly operated blocks to provide linear 
and angular motions. The technical 
characteristics of the basic modules 
appear in Table 4.23. The modules 
can be put together in a variety of 
combinations to give up to 50 modi
fications differing in size and techni
cal characteristics.

Multipurpose modular robots. The 
MHU modular systems manufactured 
by Electrolux (Sweden) and Robert 
Bosch (FRG) are divided into three 
standard series with the complete uni
fication of some blocks: MHU-Senior 
robots with a load capacity of from 
10 to 20 kg; MHU-Junior robots hand
ling up to 5 kg; and M HU-Minor ro
bots designed to handle loads of up 
to 1 kg. Ail these robots are pneumati
cally driven, with the motions cont
rolled by means of end stops.

MHU-Senior robots are composed of 
three blocks: the arm, arm-lifting

block, and arm-rotating block. Some 
modifications also incorporate an arm- 
pivoting (bending) block (Table 4.24). 
The telescopic arm consists of two tu
bes of square cross-section, one inser
ted into the other, moving along guide 
rollers. The arm has three pneumatic 
cylinders placed in tandem to cause 
the arm’s links to move in a longitu
dinal direction. By timing the action 
of cylinders in a certain sequence, it 
is possible to stop the arm extension 
at six intermediate points within the 
full stroke of the arm. The arm-rotating 
mechanism powered by a pneumatic 
actuator via chain transmission can 
turn the arm assembly through any 
angle up to an end stop. The arm as
sembly is fastened to an elongated cy
lindrical part of the mechanism with a 
clamp which allows the assembly 
adjustment for height, from 0 to 
230 mm. What is important is that the 
assembly features sliding surfaces 
and air conduits to transmit control 
signals and deliver compressed air to
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Fig. 4.14. Modular construction 
of the MHU- Junior 305 model 
embodying 10 modifications (A1 
to A10)
/, arm; 2, block of pneumatic 
equipment; 3, arm-rotating me
chanism; 4, 6, adapter flanges; 
.5, lifting mechanism; 7. cycle 
control system; 8f base with 
adjustable extensible pillar

the arm and gripper actuators. This 
makes it possible to complete various 
cycles of motion without changing the 
direction of the arm’s swing in the 
horizontal plane, thus considerably 
shortening tne cycle time. The lifting 
mechanism is similar in design to the 
arm assembly. One air cylinder 
intended to lift the inner tube exerts 
a force of 1000 N. The system 
of fixed stops with shock-absorbing 
hydraulic devices provides repeatabi
lity from d= 0.1 to 0.5 mm.

The blocks of MHU-Senior robots 
lorm the basis for MHU-Filler robots 
designed to pour metal into the cham
bers of die casting machines. Apart 
irom the above-mentioned blocks, 
these robots employ blocks for lifting 
and tilting ladles.

MHU-Junior robots come in models 
.'105 and 500 which differ in arm design 
and load capacity (3 and 5 kg). They 
execute motions in the cylindrical 
coordinate system and can have one 
to three arpis rigidly fastened at ar
bitrary angles on the column of the 
lifting-turning mechanism. In pro
gramming, only two end positions 
are set up for each degree of freedom.

The integration scheme of the robot 
model 305, providing 10 modifica

tions, is shown in Fig. 4.14. The arm 
1 is an air cylinder whose plunger 
stroke is adjustable from 0 to 500 mm,, 
and speed to 1.0 m/s. The hollow rod 
fitted into ball-bearing bushings al
lows the air to enter the cylinder cavi
ty and actuate the gripper. The rod is 
set off-center from the plunger axis to 
prevent it from turning over. The arm 
is fixed to the drive mechanism dire
ctly with a clamp or via an adapter. 
The block 2 of pneumatic equipment 
is made in the form of a panel closed 
with a rectangular case housing cont
rol valves and an arm-rotating mecha
nism 3. The adapter flange 4 is 
mounted instead of the mechanism 
3 if arm rotation is not necessa
ry. The lifting mechanism 5 serves to 
adjust the vertical motion up or down 
to 150 mm. The mechanism 4 is chan
ged for the flange 6 if the operations 
do not require arm lifting. The cont
rol system 7 is of the cycle type effe
cting control by means of fixed stops. 
The extensible pillar 8 on the base al
lows the position of the basic blocks of 
the robot to be adjusted. Repeatabi
lity is ±  0.1 mm.

MHU-Minor robots can handle pie
ces weighing up to 1 kg. One or more 
arms are designed as fixed holders
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Table 4.26.  Welding Robots of the Renault Co. (France)

Vertical-80 Horizontal-80 
Modular unit construction

Gantry-80

Module Type Verti
cal-80

Horizon
tal-80 Gantry-80

Column-rotating mechanism 1 + + -

1 + - -

Arm’s driven Joint 2 + - -

3 - + -

Linear actuator
1 - + -

2 - - +

Three-axis wrist 1 + + +

Carriage and gantry 1 - - +

Note. Continuous-path six-axis robots with hydraulic servo drives, can handle 70 to 80 kg 
loads and have 6 programmable coordinates with programming done in the teach 
mode. The storage capacity of the control system is 32 K. Repeatability is 
±0 . 5  mm. Linear velocity ranges between 0.5 and 1.0 m/s, and angular velocity 
reaches 180°/s. A plus sign indicates the presence of the module and a minus sign 
its absence.
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Table 4.27.  Technical Characteristics of Modular Robots Produced by the Sciaky Co. 
(France)

Block Motion Overall dimensions, 
mm

Linear
speed,

m/s;
angular
speed,
(rpm)

Repeat
ability,

±mm
Mass,

kg

Set of wrists, type P-1: 
swivel 360°

- (10) -

40

l'-2:
swivel 360° 80
bend 180°

P-3, P-4: 
swivel 
bend 
rotation

360°
180°
360°

120

Arm, type: 
1
2
3
4

600 mm 
800 mm 

1000 mm 
1200 mm

1800X550X550
2000X550X550
2200X550X550
2400X550X550

0.5 1.0
600
700
800
900

Column, type 
1 
2
3

400 mm 
800 mm 

1200 mm
600X750X2400
600X750X2800
600X750X3200

0.42 1.0
550
700
900

Longitudinal table, 
type:

1
2
3 :i>

i

800 mm 
1200 mm 
1600 mm

i

2200X1610X520
2600X1610X520
3000X1610X520

0.33 1.0
900

1100
1400

Turning table 240° 1500X350 (3) 0.3 900

Note. These robots can be made in three types of 24 modifications (according to the 
set of characteristics). Total positioning accuracy is ±2.0 mm.
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Fig. 4.15. Modular layouts of PIIM-25 series robot modifications
0, stationary state; A, arms; C, carriage; functional modules designed to execute shifting 
(S), lifting (L), rotary (R), pivoting (P), double-link pivoting (D), and radial (PM) move
ments (PM)

with a constant radius of the work 
area. The set of blocks comprises the 
mechanisms for linear motions in 
the range of 50 and 100 mm and rota
ting mechanisms to provide an angle 
of rotation of 90 or 180°. Repeatabili
ty is ±  0.1 mm.

The Robitus RC series of Mitsubishi 
Heavy Industries, Ltd. (Japan) relies 
on unified functional modules with 
hydraulic or pneumatic drives. Hydra
ulic and pneumatic modules are inter
changeable. Their combinations give 
a wide range of robots with various 
technical characteristics (Table 4.25). 
Robots can be made complete with 
three types of control systems: ele
ctropneumatic two-position systems; 
two-positidn systems for hydraulical
ly powered fixed-sequence robots; and 
multipoint numerical control systems.

The linear velocity is up to 1 m/s. 
The velocity of column rotation about

the vertical axis is up to 100°/s. 
The velocity of gripper rotation is 
180°/s.

Three modifications are recommen
ded as base models: two stationary 
floor-mounted robots and one overhead 
mobile robot. Arm and wrist mecha
nisms employ hydraulic shock absor
bers.

Modular robots of the Renault com
pany (France) are mainly employed 
for the point welding of car bodies. 
The three basic types of layout and 
their characteristics are given in Ta
ble 4.26. The robots operate under the 
command of continuous-path control 
systems, including minicomputer- 
based controls. The robots are built 
up of the following blocks: a column- 
rotating mechanism (two types); the 
arm’s power-driven joint (three types); 
a guideway with drives to move the 
arm up or down the column (two ty-
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Fig. 4.16. Functional modules of PIIM-25 robot arms of three-axis («), two^axis (fe), and 
one-axis (c) types
7, electric motor-worm gear block; 2 , differential block; 3, slack adjustment device; 4, tube 
with coaxial shafts; 5, wrist to provide for gripper orientation

pes); a 3-axis wrist with a device for 
automatic replacement of tools; a 
power-driven carriage; and a gantry 
with a drive. The robots operate off 
hydraulic motors to execute basic mo
tions, local motions being generated 
by limited rotary hydraulic motors. 
All driven elements are fitted with 
sensors of motion and speed.

The Sciaky modular robot series 
(France) is also designed to man wel
ding flow lines in the mass production 
of car bodies. The scheme of modular 
arrangement of the basic modificati
ons and the technical characteristics 
of the blocks forming this standard 
series appear in Table 4.27.

The principal layouts are taken to 
be the ones for robots designed to han

dle loads of 12, 40, 60, and 80 kg in 
the cartesian and cylindrical coordi
nate systems. The number of axes of 
motion is up to 6, and repeatability 
is 11 2.0 mm. The robot base can be 
set in horizontal and vertical planes 
and in a turned-over position (above 
the conveyor). The robots receive com
mands from a minicomputer intended 
to simultaneously control 20 to 40 
drives. A single control system! can 
thus operate a work cell with three to 
six six-axis robots.

The PIIM-25 series electromechani
cal robots (USSR) are composed of a 
group of modules which include statio
nary and mobile bases of the ground 
and overhead types, blocks designed 
to shift, lift, pivot (bend), and radial-

Fig. 4.17. Functional diagram of a module of the link gear type with two pivoting (bend
ing) links
J, motor with worm gear; 2, safety coupling; 3, differential gear; 4, slack adjustment 
device; 5, balancing torsion bar; 6, first link; 7, second link
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Fig. 4.18. Scheme illustrative of implement
ing step movements of the robot: (a) shifting 
mechanism is mounted on the floor ana 
lifting mechanism is raised above ground; 
(b) lifting mechanism is on the floor and 
shifting mechanism is raised to height A 
J, shifting mechanism; 2, jlifting mecha
nism; 3, locating pins; Iit step; Z2| elevation

ly move working elements, and arms 
with one to three articulations. As 
seen from Fig. 4.15, modular combi
nations (avoiding repetition in one 
design) can create 95 modifications. 
Fig. 4.16 illustrates the functional
Table 4.28.  Technical Characteristics of P.

diagrams of three arm modifications 
and Fig. 4.17 displays the functional 
diagram of a module for pivoting two 
links of the link gear in the vertical 
plane. The module provides a transla
tional motion of the arm without cha
nging its orientation.

Robots can be made to execute 
“outside world” motions when mo
unted on carriages moving along the 
ground or overhead guide tracks. A 
shifting module in combination with 
a lifting module enables the robot to 
perform a step-by-step motion, which 
is done by installing a special sup
port element on the lifting block’s 
movable link (Fig. 4.18).

Examples of the principal layout 
of robots are shown in Fig. 4.19. 
Robots are driven off two types of dc 
motors (N =  2kW, n =  4 000 rpm; 
N  =  0.98 kW, n =  3 500 rpm). Mo
tors drive working links through com
posite worm-cylindrical reduction 
gears (for rotary motions) and ball 
bearing screw pairs (for translational 
motions). Each of the modules can be 
made complete with velocity and po
sition sensors of the digital or analog 
type depending on the required accu
racy.

Since a robot with a maximum num
ber of modules does not contain more 
than eight drives, electric lines are laid 
to connect the modules through conne
ctor contacts divided into eight groups. 
Each module has input and output

1-25 Series Robot Modules

Module, function of Motion
Angular

and Nominal
Repeatability, using 

sensor
linear
speed

force or 
torque analog digital

Rotation 300° 135°/s 800 N m ±4 min ±0.56 min
Lifting 400 mm 0.4 m/s 2500 N ±0.4  mm ±0.05 mm
Shifting 800 mm 0-6 m/s 2000 N ±0.8  mm ±0.1 mm
Pivoting 60° 4 5°/s 3000 N m ±2 min ±0.22 min
Radial motion 1000 mm 0.6 m/s 2000 N ±0.8  mm ±0.1 mm
Double-link pivoting 

lower link 90° 6 5°/s 1800 N m ±3 min ±0.4 min
upper link 90° 6 5°/s 1800 N m ±3 min ±0.4 min

Arm rotation 360° 180°/s 200 N m ±10 min ±1.3 min
Arm bending 200° 180°/s 200 N m ±10 min ±1.5 min
Carriage for mobile base 10 m 1. 5 m/s 700 N ±2 mm ±0.4 ram

Note.  The abbreviation ‘min’ stands for minute of arc#
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Fig. 4.19. Examples of principal PIIM-25 
robot layouts
in) rectangular coordinate robot; (b) cylind
rical coordinate robot; (c) spherical coordi
nate robot; (d) angular spherical coordinate 
robot; 1, arm with one articulation; 2, arm 
with two articulations; 3, arm with three 
articulations; 4, radial-motion module;

link-pivoting module; 6, double-link 
l* I voting module; 7, module of rotation; 
s, shifting module; 9, lifting module; 
in, 11, 12, wrist-gripper assemblies

connectors with some lines serving as 
through-routing circuits to transfer 
energy and information to adjacent 
modules. Connectors link one module 
to the next with a standard cable, so 
it is possible to interconnect modules 
in any order. The technical characte
ristics of modules are listed in Table 
4.28. Robots operate with digital 
or analog control systems depending 
on the type of position sensors employ
ed. They also incorporate a pneuma
tic system to drive a gripper and to 
provide standing balance of links.

4.3. TYPICALDfSIGNS 
OF ROBOT GROUPS

Floor-mounted robots with an exten
ded arm and cantilever mechanism for 
arm lifting. The cantilever lifting

mechanism peculiar to the IRs in the 
group under discussion gives the arm 
but a comparatively short upstroke 
because of design limitations on the 
length of the guideways. Therefore, 
most of the workable designs are spe
cial or single-purpose models intend
ed to perform simple loading opera
tions and execute motions that fol
low rectangular or cylindrical coordi
nates. These robots are mainly pneu
matically or electromechanically dri
ven and equipped with the simplest 
positional control systems. They ac
count for the largest share of the to
tal number of available light and su
perlight robots whose technical chara
cteristics are given in Table 4.3.

Figure 4.20 depicts the most popu
lar layout of a pneumatically powered 
IR. On the base 5 is set a welded 
frame 4, the lower section of which 
houses a mechanism 3 for arm rota
tion about the vertical axis and the 
upper section accommodates a me
chanism 2 for the arm’s vertical mo
tion up or down. The mechanism 3 
has two air cylinders to rotate the co
lumn through a chain-and-sprocket 
transmission. As the column rotates 
and the arm approaches the given po
int, the air cylinder rod ends bear up 
against liquid dampers 6 which smooth
ly cushion the physical shock. The 
lifting mechanism consists of a column 
11 whose lower part represents a plu
nger moving in a hydraulic or air cy
linder. The arm mounted on the co
lumn’s upper flange is an air cylin
der with a sliding rod carrying a grip
per 12 at its end. The robots come in 
one-, two-, and three-arm designs. 
Control over the positions of the wor
king elements is usually by means of 
fixed stops but sometimes by limit 
or time switches.

Figure 4.21 shows the functional 
diagram of an electromechanical ro
bot model MII-4 (USSR). Mounted 
on the base 1 is a box-like body hou
sing the mechanisms of arm lifting 
and rotation about the vertical axis. 
The mechanism of rotation includes a 
geared motor 3 with a pinion 5 which 
engages a gear 4 fitted rigidly on to a 
tube 6 inserted into a drum 7. On the 
outer surface of the drum T-grooves 
are cut with stops moving in slots of

!>-082
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Fig. 4.20. Layout of the mechanical system of a pneumatically powered robot
I, arm; 2, lifting mechanism; 3f mechanism of arm rotation about vertical axis; 4, frame; 
5, base; 6, liquid damper; 7, stop motion; 8 , planet carrier; 9, handle; 10, air cylinder;
II ,  column; 12, gripper

proximity switches 8 which issue the 
command to terminate rotation. The 
rod of an air cylinder 9 that acts on a 
fixed stop attached to the drum provi
des a fine motion to the end position. 
The lifting mechanism consists of an 
electric motor 18 which transmits mo
tion through a worm-and-worm gear 
19 to a pinion 20 meshing with a rack 
that is integral with the tube 6. The 
lifting mechanism does not afford 
intermediate positions and moves the 
arm up or down from one end stop to 
the next. The arm fitted on the tube 
is longitudinally driven by an ele
ctric motor 10 through a rack gear
11. The plate 12 fastened to the arm 
body has T-grooves to allow adjust
able stops 13 to slide along and termi
nate a gross motion with the aid of pro
ximity switches. A fine motion of the 
arm to the end position ceases as a 
fork attached to an air cylinder 14 
comes in contact with roller stops also 
fitted on the plate 12. The end effe
ctor is a vacuum cup 17 that is sealed 
on the workpiece after its evacuation.

Four screws 2 on the base are used to 
adjust the robot position relative to 
the equipment. The robot is complete 
with a cycle control system.

Figure 4.22 presents a sketch of a 
Universal-5 robot (USSR) with an 
electromechanical drive to promote 
basic motions. The gripper is pneu
matically driven. The drive for lif
ting the extended arm is made in the 
form of parallel-link mechanisms that 
generate a rather long stroke up. The 
lifting mechanism employs compen
sating springs which effect savings 
in the power taken off an electric mo
tor and ensure smooth motion.

Wire potentiometers serve as po
sition sensors. For its orientation in 
space, the hand has articulations ac
tuated by air cylinders which operate 
under the command of small-size 
electromagnetically driven air distri
butors. What distinguishes the con
struction is that the arm rotates about 
two vertical axes one of which is 
610 mm distant from the axis of the 
swivel base assembly, which substan-
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Kitf. 4.21. Functional diagram of the MII-4 robot
/. base; 2, adjusting screw; 3, electric motor for arm rotation about vertical axis; 4, gear;

pinion; 6, tube; 7, drum; 8, proximity switches; 9, air cylinder securing fine motion 
of arm rotation to end position; 10, electric motor for arm extension; l l t rack; 12f plate; 
/ /, adjustable stop; 14, air cylinder securing fine motion of arm extension to end position; 
/.*, arm shoulder; 16, bellows; 17, vacuum cup; 18, electric motor of lifting mechanism; 
I !>, worm-and-worm gear; 20, pinion

1 ially expands the work envelope.!The 
robot operates under command from a 
point-to-point control system model 
IIYP-2M.

Floor-mounted robots with an exten
ded arm fixed to a lifting carriage.
The carriage moving up along the 
guideways can lift the arm as high as
2 000 muouv'ljhe available models em- 
doy all types of drives and drive com- 
rinations and all existing types of 
control. These robots offer motions 
In the plane and space coordinate sy
stems, but the most popular models

are the ones in which the carriage 
moves up along the guides of the ro
tating column (cylindrical coordinate 
robots). Various designs can handle 
loads of from 1 to 1 000 kg and have 
three to seven axes of movement (see 
Table 4.4).

Versatran robots produced by AMF 
Versatran (USA) are the best known 
robots of this group. The sketch in 
Table 4.4 shows a typical example of 
the robot’s construction. All the arti  ̂
culations of the Versatran are moved 
by hydraulic drive mechanisms. The
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V  \ *

Fig. 4.22. Universal-5 robot
1, arm; 2 , gripper; 3 , manipulator base with 
mechanism of arm rotation about axis I-I; 
4, electric motor for arm lifting; 5, parallel- 
link arm-lifting mechanisms; 6, four com
pensating tension springs; 7, bellows; 8 , me
chanism of arm rotation about axis 
II-II; 9, flexible air hoses; 10, air distri
bution unit; 11, mechanism of arm ex
tension

main units of the hydraulic power sys
tem are located on the base which if 
necessary can be mounted on a power- 
driven car riding along a ground or 
overhead rail track. The column as
sembly includes two single-acting hy
draulic cylinders to rotate the column 
by means of a chain and sprockets. 
The carriage with the arm moves up
ward by the action of two hydraulic 
cylinders fitted to the column. The 
robot arm is a tube housing the mecha
nisms to rotate the gripper about three 
mutually perpendicular axes, shift 
it, and close and unclose its fingers. 
The mechanical systems consist ma
inly of unified blocks and come in a 
few designs differing in standard stro
kes and load capacities. Each of the

mechanical systems can be made com
plete with a variety of control sys
tems. The simple 100 series control 
system with a matrix pegboard can 
store 20 commands. To enable it to 
handle more complex tasks, the robot 
can be equipped with a 302 series 
point-to-point control system having 
a program carrier in the form of a 
jack drum or board with 120 to 600 
jacks. The advanced model of the 302 
series has an expanded internal sto
rage with provision made for the preli
minary recording of auxiliary subro
utines for standard cycles. The 401 
series continuous-path control system 
has a reader of characters on two mag
netic tapes that enters data in digital 
representation. Versa tran model F 
robots can also use a universal 600 
series computer control system suit
able for many uses.

A number of countries produce ro
bots similar to the base model, dif
fering only in some design elements 
and technical characteristics (see Ta
ble 4.4).

The Matbac (IRb-10 robot of 
Tokyo Keiki, Japan) (Fig. 4.23) dif
fers from conventional designs in that 
it has a re volute arm. The mechanical 
system comes in two variants: (11 
a four-axis system (base model) ana 
(2) a system with additional articu
lation for a gripper to enable it to 
rotate through 90°. The technical cha
racteristics of the robot are given in 
Table 4.5.

The robot casing 1 encloses a hydra
ulic power unit, hydraulic devices, 
and mechanisms to lift an arm and ro
tate column 33. The arm consists of 
two hinged links 22 and 25 of the 
same length, actuated by a chain gear. 
The driven link 22 always turns thro
ugh an angle twice as large as that for 
the driving member 25, thus ensuring 
the horizontal movement of the arm 
having at its end a pivoting support 
20 that carries a limited rotary hydra
ulic motor 15 to turn the gripper. The 
links 22 and 25 and tie-rods 21 and 
28 form a parallel link mechanism to 
move the gripper in the horizontal 
plane. The hydraulic cylinder 19 has 
its rod connected o a leverage 18 
to open and close the gripper jaws 
17. The sprocket 27 is rigidly faste-
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Fig. 4.23. Functional diagram of the Matbac IRb-10 robot
/, casing with hydraulic power unit, hydraulic devices, and mechanisms of arm lifting and 
rotation; 2, hydraulic cylinder for column rotation; 3 , adjustable stops limiting column 
rotation; 4, 6, adjusting nuts; 5, platen; 7, 24 , chain transmissions; 8, axle; 9, 23, 27, 
nprockets; 10, swivel platform; l l ,  master gear; 12, 32, 37, potentiometers; 13, pinion; 
14, screw adjusting the position of stop that limits arm extension; 15, limited rotary hydrau* 
lie motor for gripper rotation; 16, clamps; 17, gripper; 18, leverage; 19, hydraulic cylinder 
for actuating gripper; 20, support; 21, 28, ties; 22, driven arm link; 25, driving arm linkj 
i'G, chain slack adjuster; 29, limit switch cam; 30, 31, gear set; 33, fixed member (column); 
:i4, hydraulic cylinder for carriage lifting; 35, hydraulic cylinder for arm extension; 36, 
carriage; 38, 40, rack-and-pinion transmission; 39, ball supports; 41, racks

nod to a carriage 36. The tie 28 is also 
fixed to the carriage by a link. The 
sleeve of a hydraulic cylinder 34 is hin
ged to a swivel platform 10, and the 
rod to the carriage to move it up. The 
mechanism for rotation of the column 
33 consists of two hydraulic cylinders 
2 whose rods are joined together by a 
chain 7 with a sprocket 9.

Throttling distributors (servo val
ves) made by the Moog Co. (FRG) 
control the motions of the arm’s three 
axes, and dampers retard the motions 
of the cylinder rods in the end posi
tions. .. vV

The robot can be equipped with the 
control system of either of the two mo
dels: TKC-10 of Tokyo Keiki (Japan) 
or RC-7000 of RETAB (Sweden).

The TKC-10 system is an analog 
point-to-point control with a servo 
drive. It has a patchboard for set' 
ting up the given positions of the slave 
mechanisms with the aid of poten  ̂
tiometers (up to four fixed positions 
for any of tne three degrees of free  ̂
dom). The gripper swivels, opens, and 
closes its jaws by the commands from 
the cycle control devices. The control 
system can direct the motion of two 
articulations simultaneously. The 
program contains a maximum of 28 
steps. Timers can secure a time delay 
of 1 to 15 seconds.

The RC-7000 system is a digital 
point-to-point control that has the 
ability to direct up to seven axes of 
motion. Its memory capacity ranges
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12 13 14 15

( b )

Fig. 4.24. Structure of the Unimate Mark II robot model
Qz) right-side view; (b) left-side view; I, header; 2, pump relief valve; 3 , air filter; 4, base; 
5, hydraulic accumulator; 6t electric power supply cabinet; 7, current-limiting fuses; 8, 
manual control panel connector; 9, control system interlock; 10, control box; l i ,  coding 
sensor; 12, bevel gears of wrist assembly drives; 13, hydraulic cylinder for gripper rotation; 
14, chain transmission; 15, gripper; 16, drive of coding sensor to control arm pivoting up 
and down; 17, hydraulic cylinder for arm pivoting; 18, hydraulic cylinders for swinging 
arms; 19, air-oil cooler; 20, fan; 21, electric motor powering hydraulic pump; 22, filter; 
23, pressure switch; 24, hydraulic system pressure sensing element; 25, hydraulic filter; 
26. relief valve; 27, rotary liquid header; 28, gripper swivel head; 29, arm; 30, hydraulic 
cylinder to pivot (bend) the gripper; 31, revolving support (column)

from 250 to 5 000 points depending on 
the number of controlled coordinates 
and the choice of modules. The system 
has 20 inputs and 20 outputs to inter
face the robot with peripheral equip
ment.

Floor-mounted robots with an exten
ded arm to execute motions in the polar 
spherical coordinate system. A feature 
specific to robots moving in this sy
stem of coordinates is the following. 
For a robot to vertically move a piece 
held by a ffripper, a combination of 
three mutually coordinated motions is 
necessary: a linear motion of the arm, 
its pivoting in the vertical plane, and 
a compensating reverse bending of 
the wrist carrying a gripper. The same 
combination of movements is necessa
ry to linearly transfer a piece along

one of the horizontal coordinates. 
For this reason, spherical coordinate 
robots usually have five or more de
grees of freedom, one of which consti
tutes a programmable angular motion 
of the wrist with a gripper. Robots 
with six or more articulations genera
lly offer a set of motions to enable the 
transfer of an object along any tra
jectory within the work area and to ef
fect any reorientation of the object, 
for which reason these robots can be 
called universal.

Unimate industrial robots of Uni- 
mation Inc. (USA) are the most typi
cal examples of this group. More than 
ten base models of such robots are 
available (see Table 4.6), tailored 
to various main and auxiliarly tasks. 
The robots are either stationary or mo-
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2-37 7312=292-37 z=16

Klg. 4.25. Arrangement of coding sensors (CS) and their drives in the Unimate Mark II robot 
(« is the number of teeth in mechanical transmission)

bile and can be set up at any angle 
to the horizontal. A number of count
ries have gone into the production 
of Unimate robots under the license 
of Unimation Inc.

Figure 4.24 shows the structure of 
a Unimate Mark II robot. The CS 
run be fastened to the base of theme- 
rlianical system or separately instal
led. The hydraulic power unit and 
l lie mechanism of arm rotation about
I Is vertical axis are fitted on a com
mon base 4. In the upper part of a re
volving column 31 an extended arm 
!h set up on hinged supports, which can 
»ivot up or down by the action of a 
lydraulic cylinder 17. Arm guides are 

made as two hollow rods enclosing 
transmission shafts connected to the 
mechanism 28 of rotation of the wrist 
carrying an air cylinder-operated grip
per 15.

All actuators are complete with 
ending (digital) sensors of position. 
Fig. 4.25 demonstrates the sketch of 
arrangement of coding sensors on the 
manipulator of the Unimate Mark
II robot model.

Depending on its purpose, the Uni
mate can,jus$ a point-to-point control 
with a storage capacity of 128, 256, 
512, and 1 024 points, and a continu
ous-path and universal (composite) 
control.

Floor-mounted multilink-arm robots.
The main advantages of the multilink 
arm are its compactness and ability 
to service large work areas with robot 
mechanisms of small overall dimensi
ons. These advantages, however, are 
made possible at the expense of com
plicating the mechanical aDd control 
systems. Robots of this type generally 
perform basic motions in the angular 
coordinate system, but a number of 
simplified models are available which 
use multilink arms with mechanisms 
which straighten trajectories. The 
chain transmission or linkage-gear 
train mechanism actuates the hinged 
links of the arm, so that the driven 
link is forced to turn as the driving 
link bends. The wrist with the gripper 
attached to the driven link at its end 
then executes a rectilinear motion. 
An example of the robot of this type is 
the Matbac IRb-10 which has a mul
tilink arm installed on a lifting car
riage.

The Coat-a-Matic robot of RETAB 
(Sweden), whose functional diagram 
appears in Fig.4.26, is designed to auto
mate spray painting operations. The 
six-axis arm, controllable by feed
back sensors, pivots on a base 22.

The arm actuated by a hydraulic 
cylinder 18 hinged to the base 22 
rotates about a vertical axis as the
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1 2

Fig. 4.26. Functional diagram of the Coat-a- 
Matic robot
l ,  3, 6, hydraulic motors; 2, 4, 5, 7, 15, 
potentiometers; 8, pillar (driving arm 
limb); 9, 18, 2J, hydraulic cylinders;
10, lever to locate fork 24 relative to limb 
8\ 11, spring; 12, 27, shackles; 13, axle; 
14, pin; 16, rotary plate; 17, crank; 19, 23, 
26, rods; 20, bracket; 22, base; 24, fork; 
25, tie; 28, driven arm limb

rod 19 sets a plate 16 in motion 
through a crank 17.

The arm’s lower link pivots on a 
pin 14 by means of a hydraulic cylin
der 21 hinged to a bracket 20, the 
cylinder rod 23 being hinged to a fork 
24. The pillars 8 and ties 25 form a 
parallel link mechanism. The spring 
11 fastened with a shackle 12 off- 
center from an axle 13 balances out 
the structure. The potentiometer 15 
is a feedback sensor.

The hydraulic cylinder 9 whose 
sleeve is connected to the pillar 8 (dri
ving limb) through the fork 24 and 
whose rod 26 is hinged to a driven limb 
28 actuates the arm’s upper link, 
which pivots on its pin with a poten

tiometer 7. The spring 11 fastened ec
centrically relative to the axis of ro
tation of the limb 28 exerts a balan
cing action.

The wrist assembly turns about its 
two perpendicular axes by means of 
hydraulic motors 1 and 3. Potentio
meters 2, 4, and 5 serve as feedback 
sensors. The spray gun rotates on the 
power shaft of a hydraulic motor 6. 
The hydraulic power unit and control 
system are made as individual blocks.

The robot uses a continuous-path 
control system. The program carrier 
here is a magnetic drum with a capa
city of up to 75 tracks; the data recor
ding time on each track is 11 s. The 
system can simultaneously store up to 
four programs which can be run auto
matically by external signals. Pro
gramming is done by switching the 
control system to a teaching mode in 
which the human operator moves the 
spray gun attached to the robot arm’s 
wrist through the required motions. 
Balancing springs permit training 
the robot by simply moving its wrist.

Industrial robots of ASEA AB, Ele
ctronics Division (Sweden), come in 
two modifications with load capaci
ties of 6 and 60 kg. The layout and 
functional diagram of the robot de
signed to handle loads of 6 kg are 
shown in Fig. 4.27. The robot mecha
nisms operate off printed-circuit ar
mature motors 2, 4, 17, and 20. 
The arm rotates about its vertical axis 
by means of a gearmotor 2 through a 
wave backlash-free gearing 3 with 
its power wheel connected to a swivel 
base assembly 5. The gearmotor 4 
turns a tie 7 through a pair of ball
bearing screws 6. The tie 7 and links 
9, 10, and 12 form a parallel link 
mechanism to turn the link 12 about 
its crank 13. The gearmotor 20 trans
mits motion through a pair of ball
bearing screws 18 to a crank 19 to turn 
the link 10. It is possible to impart a 
translational motion to the gripper, 
with the gearmotors 4 and 20 run
ning simultaneously, by switching 
the control system for automatic re
calculation of speeds. The balance 
weight 8 serves to unload the drives. 
The hollow arm links enclose ties 
11 and 14 and cranks 13, 15, and 
19, which form a transmission system
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Fig. 4.27. Layout (a) and functional diagram (6 ) of the ASEA IRb- 6  robot 
I, base; 2, 4 , 17, 20, printed-circuit armature motors with built-in reducers; 3, wave 
pearing; 5, swivel base assembly; 6, 18, pairs of ball-bearing screws; 7, tie; 8, balance weight; 
9, io,  12, arm links; l l ,  14, ties; 13, 15, 19, cranks; 16, bevel gearing; a,  0i-04, angles 
of rotation of links

to pivot the gripper about axis / - /  
and swivel it through an angle a. 
The crank 15 pivots (bends) the hand 
which is then swivelled by a backlash- 
free bevel gearing 16.

All the axes of the robot are cons
tantly checked for position with sen
sors. The robot employs a point-to- 
point CS. The measuring system is 
built on the phase-analog principle: 
the phase difference between the sen
sor signal and preset signal gives an 
analog signal for control of the servo.

ASEA robots can tend metal-cut
ting machine tools, perform welding, 
painting, and abrasive cleaning ope
rations, and load presses. For remote 
control, the CS is sited 15 to 20 m 
away from the mechanical system. 
Programming is done from a hand-held 
teaching unit.

The 6CH:Arm robot of the Cincin
nati Mil&cbdn Co. (USA) has six axes 
of motion and comes in two models, 
the T3 and HT3, designed for paylo
ads of 45 and 102 kg respectively. The 
robots perform assembling, welding,

and loading-unloading operations, 
and service conveyors and machine 
tools. The drives for the jointed mo
tions of the arm and wrist are vane- 
type limited rotary motors, each equip
ped with a feedback device compri
sing a resolver and tachometer. Con
trol is by the Cincinnati Milacron 
Acromatic system which includes a 
minicomputer, display, and keyboard 
to set up, debug, and control the pro
gram. Programs can be set up using 
punched cards, or the robot can be 
taught a sequence of moves from a 
teach pendant.

Overhead robots of the telfer type. 
The distinguishing feature of these 
robots (with the telfer running on a 
monorail) is that they provide savings 
in floor space and transport ob
jects above ground. Long overhead 
lines permit one robot to tend several 
machines lined up in a row.

Telfer-mounted robots may condi
tionally be broken down into two 
groups: (1) simplified robots, whose 
motions follow plane rectangular co-
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Fig. 4.28. Handling rbbot model TPT-250-1

I, carriage; 2% pin of arm’s master link; 
3, master link; 4, hand assembly; 5 , slave 
link; 6, pin of arm’s slave link; 7, 10, ball 
circulating nuts; 8f 9, ball circulating 
screws; II, monorail

ordinates, designed for handling ope
rations and for servicing single-type 
equipment of automatic lines; (2) 
multilink-arm robots moving in tne 
angular coordinate system and thus 
displaying enhanced manipulation 
capabilities. The latter robots incor
porate numerical control systems em
bodying some adaptive features.

The TPT-250-1 robot (USSR) of a 
250 kg load capacity, illustrated in 
Fig. 4.28, is intended for conveying 
loaded containers in shops. Two tele
scopic guides of the manipulator with 
an automatic gripper are fitted to the 
telfer running on a monorail suspen
ded from the shop ceiling and tracked 
to provide the desired handling route. 
The up or down stroke of the guides 
with the gripper is 3.2 m, and the stroke 
speed is 0.28 m/s. The speed of the 
electromechanically propelled telfer 
along the monorail Teaches 0.5 m/s. 
The manipulator operates under the 
command of a cycle control (CC) sy
stem that can run a fixed program to 
enable the manipulator to carry out 
the preset operations, select the shor
test path on the route, stop the telfer 
at requisite loading and unloading 
stations, and provide interlock if a 
few manipulators work in the same 
cell.

The CM80IX.25.01 robot (USSR) 
is designed to tend one chuck lathe. 
The telfer-type carriage with an ex
tended arm (see Table 4.7) runs on a 
monorail in the plane coincident with 
that in which the lathe spindle axis 
lies. Flange-shaped workpieces are 
laid in a special pallet located behind 
the headstock. A step-by-step table 
that moves in the transverse directi
on advances the next row of parts on 
the line running in the plane of the 
arm’s motion. To speed up the loading 
operations, the arm handles parts with 
a two-position gripper (hand) which 
can swivel 180°. This hydraulically 
powered robot uses a cycle control 
system based on fluidic elements, 
which can be set up to control a few 
standard cycles. The positions of the 
mechanisms are adjustable with stops 
on the drums.

The robot has elements of adaptive 
control. When advancing to pick up 
a part from the pallet, the hand moves
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at a low speed until it touches the 
piece surface. At the moment of con
tact, the sensor issues a command sig
nal to close the gripper. If the pallet 
nest is empty, the robot receives a 
command to move to the next nest 
after fully extending the arm to the 
programmed length.

The use of two-position grippers 
or two independent arms can appre
ciably minimize the time between the 
cycles of joint operation of the robot 
with the lathe. This is particularly 
important for lathes of this type since 
the robot must usually cover a long 
path between the pickup position and 
loading: position.

The CM4002.80.01 robot (USSR) 
can tend several horizontal-spindle 
metal-cutting machine tools of 60 
models. The functional diagram of the 
manipulator (Fig. 4.29) is such that 
the robot can service machine tools 
arranged in one row or in two paral
lel rows. The two-link re volute arm 
is hinged To a carriage 1 riding a mono- 
rail 11 up to 12 m long. The carriage 
is set in motion by an electrohydrau- 
lic step drive U l/fl through a two-stage 
gear speed reducer whose power gear 
zx meshes with a rack fastened to the 
monorail. The master (driving) link 
3 and slave (driven) link 5 of the arm 
are driven by electric step motors with 
hydraulic boosters UIU2 and /Z/^5, 
which transmit motion through sin
gle-stage reducers to drive gears z2 
and z3 and actuate ball circulating 
screw pairs 9-10 and 8-7. The recipro
cating motion of ball circulating nuts 
10 and 7 causes the driving link of the 
arm to turn on a pin 2 fixed to the car
riage body, and the driven link to 
turn on a pin 6. The reducers of arm 
link drives have electromagnetic fric
tion clutches 9TM 1  and BTM2 which 
exert a braking action as the current 
supply is cut off. The hand (wrist) 
assembly 4 attached to the base flange 
of the driven link encloses a hydra
ulic cylinder 11,1 to activate the moti
on of gripper closure and a hydraulic 
cylinder f t 2 to swivel the wrist 
through 90° and 180°.

The robot is complete with an 
yiIM-331 control system. At the cu
stomer’s request, the robot can be 
equipped with devices supplying in

formation on the outside world to 
ensure the search and selection of ori
ented parts located in pallet nests and 
also determination of the diameters 
of parts (within the specified range). 
The technical characteristics of the 
robot are presented in Table 4.7.

The YM16002.81.01 robot (USSR) 
is designed to service a group of ma
chines, mainly machine tools with 
a horizontal spindle or horizontal 
table. This is a four-axis robot which 
can load, unload, and transfer parts 
from one machine to another. The 
parts are mostly base members and 
bodies of revolution. The payload is 
160 kg. The functional capabilities 
of the manipulator permit it to serve 
80 models of center-milling, upright- 
drilling, fine-boring, grinding, and 
gear-cutting machines, lathes, and 
other equipment arranged in a line 
under the monorail. The maximum 
speed of travel of the carriage on the 
monorail is 1.2 m/s. The robot chara
cteristics are given in Table 4.7.

The functional diagram of the ro
bot is shown in Fig. 4.30. The carriage 
1 with a three-link arm rides a mo
norail which consists of three 6-m long 
portions resting on four posts. Two 
square beams fastened to the monorail 
are guide ways for the carriage rol
lers. The carriage is driven by an ele
ctric step motor III HI with a hydra
ulic booster through a bevel gearing 
39-40 and pinion 38 which meshes 
with a rack 37 fitted to the upper gui
deway. The kinematic chain 41-42- 
43-37 operating off a hydraulic motor 
TM1 serves to take up lost motion in 
engagement. The hydraulic booster 
of the motor UIJJ1 and the hydraulic 
motor TM1 form a single drive allo
wing the pinion 38 to move into mesh 
with the rack without backlash.

The arm’s driving link 34 turns on a 
pin A in a bracket fitted to the car
riage. The electro hydraulic step drive 
mechanism IUff2 transmits motion 
through a single-stage reducer to a 
ball circulating screw 7 which recip
rocates a nut 8 connected to the driving 
link with a lever B. The link 34 
can turn 90°. The driven link 14 
of the arm pivots on a pin C at the 
other end of the link 34 by means of 
an electrohydraulic step drive mecha-
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Fig. 4.30. Functional diagram of the 
yM180Q2.81.01 robot
l ,  carriage; 2, bracket; 3, 5, 32, 33, 38-43,  
ear wheels; 4, 31, stops; 6, 10, 27, 28, 
inges; 7, 36, ball circulating screws;

8, 35, ball circulating nuts; 9, 12, 13, 15, 
16, 30, ties; 11, upper disk; 14, arm’s driven 
link; 17, servo valve; 18, cam; 19, lever; 
20, guided-vane hydraulic cylinder; 21, step
ped rod of auxiliary hydraulic cylinder; 
22, gripper fingers; 23, tie with rack to 
actuate gripper; 24, wrist assembly; 25, hyd
raulic cylinder rod joined to tie 23\ 26, hyd
raulic cylinder; 29, lower disk; 34, arm’s 
driving link; 37, rack attached to monorail

nism IIIM3 through a single-stage gear 
speed reducer and a ball circulating 
screw pair (kinematic chain U1U3-32- 
33-36-35). The link 14 can turn 90° 
relative to the link 34. In the initial 
position, the links form an angle of 
30° to eacb other to improve the 
shape of the work area.

The disk 29 hinged on a pin D 
holds a hand (wrist) assembly 24 
which houses a hydraulic cylinder 
26 to actuate gripper fingers 22 thro

ugh a tie 23 with a rack engaging 
toothed quadrants on the fingers.

Fastened to the disk 29 is a guided- 
vane hydraulic cylinder 20 to swivel 
the hand assembly through 90° and 
180°. The action of the cylinder is 
controlled by a servo valve 17 whose 
tracer (follower) comes in contact 
(through a lever 19) with a cam 18 
attached to the hand assembly. The 
lever 19 turns on a pin fixed to a tie 
16 which bears against the stepped 
rod 21 of an auxiliary hydraulic cy
linder. Depending on the position of 
the rod, the height of the lever pin 
can be set at one of three levels. This 
changes the position of the valve tra
cer with respect to the cam and thus 
results in the rotation of the cylinder.

The arm incorporates an equalizing 
(path-straightening) articulated me
chanism which consists of ties 9, 
15, and 30 hinged on pins 6, 10, 12, 
13, 27, and 28 to the carriage and ro
tary disks 11 and 29 fitted on to the 
hinge pins C and D of the arm links. 
The parallel link mechanisms formed 
of ties and arm links give the hand 
block (23, 24, 25, 26) and the gripper 
attached to it a vertical position, 
whatever the angular position of the 
arm links.

The robot employs an ynM-331 
control. At the customer’s request, it 
can be made complete with a mecha
nism for automatic replacement of 
the end effectors and also with devi
ces providing the search and selecti
on of parts disposed in the nests of a 
pallet.

The robot is provided with indu
strial safety devices (spring-loaded 
platforms and an optical detection and 
ranging system). The end effectors 
can be fitted with tactile rods to is
sue signals as they touch external ob
jects and with sensors detecting an an
gular misalignment as the gripper 
places a part into the machine fixtu
re.

Gantry-type robots. The gantry (bri
dge) arrangement imparts more rigidi
ty and dynamic stability to IRs than 
do other carriers. However, this ar
rangement is more cumbersome, which 
results in an increased mass of the mo
bile supporting structure. The stru
cture includes a carriage with an arm
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Fig. 4.31. Mechanical system (a) and functional diagram (b) of the Sigma/MTG robot of 
Olivetti (Italy)
I, gripper end; 2, pneumatic system coupling; 3, toothed quadrant; 4, 5, 6, accessories; 
7, working table; 3, pallet; 9, vibrating bins; 29, chute; 22, base; 22, 23, 24, 44, stops 
to adjust robot articulations for null positions; 23, 23, 33, gear racks; 24, flange; 25, 22, 
22, 35, guides; 26, 20, 36, bearings; 27, 37, bridge carriers; 29, 46, grippers; 25, carriage; 
26, 45, joint flanges; 27, shaft; 23, 39, 43, gears; 29, 42, electric motors; 32, reducer; 
32, pneumatic cylinder; 33, shaft-gear unit; 34, bracket; 39, rod; 49, piston; 42, fork; 
47, pneumatic cylinder piston; 43, sensor of contact of gripper with object of manipulation

moving along a beam or bridge, which 
in turn moves along its own guides. 
This is a typical arrangement of the 
Gantry-80 robot of Renault (France).

The Sigma/MTG robot of Olivetti 
(Italy) automates assembly operati
ons in the manufacture of typewriter 
units, electronic devices, printed cir
cuit boards with integrated circuits, 
etc. The functional diagram of the 
robot is shown in Fig. 4.31.

The robot has a working table 7 
fitted to a welded base 11. Above the 
table special posts support a round 
guide 15 and a rectangular guide 35 
along which the bridge moves. The 
bridge consists of two carriers 17 
and 37 and guides 21 and 22 joining 
the carriers together. The carriage 
25 moves along these guides. The car
riage with an extended arm and the 
bridge forms a separate manipulator.
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The robot is complete with two four- 
axis manipulators, all the axes being 
powered electromechanically. The 
mechanisms for the vertical extension 
of the arms employ air cylinders to 
balance out the force. The adjustable 
stops 12 and 18 fitted to the bridge 
carriers serve to define the zero po
ints for an axis I  (the axis of bridge 
motion). When the null position is 
set, the distance between flanges 14 
fixed to the end faces of the guide 
15 and the stop on the corresponding 
carrier must be equal to a finite va
lue (usually 15 mm). The null posi
tions for axes I I  and I I I  are found 
in the same manner using stops 24 
and 44.

The table 7 has various accessories 
(4, 5, and 6) installed on it to facili
tate assembly operations, along with 
a pallet 8 to store the individual ele* 
ments used in assembling. Depending 
on the task assigned, the rpbot can be 
furnished with various types of, fee
ders (shown in the figure are vibra
ting bins 9 and gravity chute 10). 
The payload per arm is 5 kg. The robot 
comes in two versions: a single-bridge 
robot with one four-axis arm and a 
double-bridge robot with two four- 
axis arms. Repeatability is ±  0.15 
mm. The maximum arm reach is 
1 010 mm. Fig. 4.316 illustrates mo
tions along coordinate I  (1 010 mm) 
and along coordinates I I  and I I I  
(400 mm). The linear velocity is not 
over 0.8 m/s; the gripper turns 360° 
(rotary motion IV ).

The robot uses a numerical point- 
to-point control with both a minico
mputer and teleprinter built into 
the system. The teleprinter serves to 
program the IR and contains a cha
racter-entry keyboard, typewriter, 
and card reader (punch unit). The sy
stem controls two manipulators si
multaneously. The robot arms are fit
ted with sensors of force in a longitu
dinal direction (along the arm) and 
in two transverse directions. The sen
sors are magnet-controlled resistors. 
Depending on the value of shift of 
the gripper -relative to the wrist, the 
sensors issue signals over the range 
between 0 and 4 mm (a total of 250 
signal levels).

The gripper is coupled to the wrist 
through an electromagnetic clutch 
which has a gap between the flanges 
to let the compressed air pass through. 
The gripper can thus shift under 
an external force relative to the wrist 
at a working voltage of 8 V. At a con
trol voltage of 24 V, the clutch tight
ly connects the gripper to the wrist 
to enable the gripper to perform its 
function.

4.4. ADAPTABLE ROBOTS

Adaptable IRs can actively inte
ract with the real world on the basis 
of information about the location and 
properties of various objects in the 
environment, and the state and per
formance of individual blocks, sub
systems, and actuating mechanisms 
of a robot. The control program of an 
adaptable IR does not contain the 
full set of required information; the 
robot gains the information it lacks 
during its operation through the ana
lysis of its actions and control over 
the measured environmental para
meters and the state of blocks and 
subsystems of the robot. The chara
cter and structure of this information 
depend on the; robot’s purpose, the 
scope of the manufacturing task, ope
rating conditions, level of indepen
dence of robot actions, safety require
ments, etc.

All the information required for IR 
control can be divided into informa
tion on the parameters of the envi
ronment with which a robot interacts 
and information on the state of the 
robot itself. The information system 
collects, preliminarily processes, and 
transfers data to the control system. 
The adaptive programs and control 
algorithms being evolved must esta
blish the functional relationships bet
ween the data on the performance pa
rameters of the blocks and the subsy
stems of a robot (the variables that 
are kept under the direct control of 
the CS) and the data on environmental 
parameters. The complexity of these 
relationships depends on the specific 
production task which may involve 
either a simple interlock of robot 
movements or a complex interaction
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Fig. 4.32.| Sensory hardware of the yM160<X>2.81.01 robot
(a) sketch illustrative of operation of tactile sensory module; (6) sequence of steps in grasp
ing a part; (c) sequence of steps in loading a part; (d) part length measurement; I, part- 
orienting magazine; 2, parts (shafts); 3, gripper; 4, pin; sensors of position; 6, rocker; 
7, supports; 8, limit switches

with the outside world. Since they 
feature high operating flexibility and 
on-line reprogramming abilities, ada
ptable IRs can handle a wide range 
of tasks which cannot be done by 
nonflexible robots. Adaptable IRs 
can be taught to do the following very 
important tasks: determine the di
stance to an object of manipulation 
and the moment of contact with it; 
control the force with which the grip
per clamps a part; search for and re
cognize the type of part and its posi
tion; grasp unoriented parts from a 
standard container and orient them; 
perform assembling, welding, and 
painting operations; correct the pro
gram of actions or stop working in 
emergency when controllable parame
ters of the environment do not coin
cide with the specified parameters.

Most of the nonflexible (fixed se
quence) robot models can be tailored 
to operate in the adaptive mode by fur
nishing ^hepi with sensing devices 
and software. The control algorithms 
here can be rather simple and reali
zable by summing up and comparing 
signals from sensors fitted to the robot 
and associated equipment and produ

cing corrective effects on the control 
program.

Information on the outside world 
can be given by one type of sensing 
element or by a variety of types. Con
temporary makes of adaptable IRs 
use three types of detectors which im
part to robots some sensory percepti
on: tactile (contact) sensors, sensors of 
force or torque, and proximity dete
ctors.

The yM l60& 2.81.01 robot (see Fig. 
4.30) employs a sensory feedback mo
dule to detect, identify, measure, 
and grasp parts in the form of bodies 
of revolution arranged parallel to 
each other in the orienting recesses of 
the magazine. Fig. 4.32a illustrates 
the operation of the sensory module 
fitted with an electromechanical ta
ctile sensor in the form of a pin moving 
in the vertical plane by the action of 
a force applied to its lower end. The 
pin carries at its end a spring-loaded 
rocker whose arms can execute angu
lar motions. The pin and rocker moti
ons are controlled by sensors of posi
tion. The tactile sensor is a replace
able unit fixed to the arm wrist along
side the gripper. A part is searched by
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Fig. 4.33. Experimental Adam-02 robot
(a) structure diagram of manipulator; I, table; 2, carriage; 3, arm; 4, rotational fork; 
5, wrist; 6, gripper; 7, gripper Jaws; 3, extensible tactile pin (shown in retracted posi
tion); (b) sequence of commands from control system driving robot to perform proper mo
tions; (c) pickup states; I, II, grip on cylindrical surface along and normal to generating 
line respectively; III, grip on end faces

scanning the space of the magazine 
with V-shaped orienting recesses in 
the horizontal plane. The rocker pi
vots as it touches a part, and the sen
sor pin moves upward. The control 
system receives signals to activate the 
arm for L and H  motions so that the 
gripper can shift to the vertical plane 
in which the part axis lies and pick 
up the part. Figs. 4.32b and c respe
ctively illustrate the sequence of steps 
the hand with the sensor accomplishes 
to pick up a workpiece and place the 
finished part in a free recess of the ma
gazine. The distance between the axes 
of symmetry of the gripper and rocker 
is equal tb the path separating two 
neighboring parts in the magazine. 
If there is a need to put a part in the 
previous position, the sensor gives a 
command signal to stop the longitu

dinal movement of the arm and begin 
loading the part on the magazine (see 
Fig. 4.32c). If it is necessary to grasp 
the next part, the sensor issues a com
mand to move one more step and pick 
up the part (see Fig. 4.32b). This sen
sory arrangement permits the use of 
simple storage pallets such as the 
stationary supports shown in the 
figure. Limit switches at each of the 
end stops (Fig. 4.32d) send signals to 
the appropriate devices to measure 
the length of a part, adjust the gripper 
position relative to the part faces, 
and correct the program so as to ade
quately place the part into the mach
ine fixtures.

The experimental Adam-02 robot 
(USSR) can detect and identify parts 
shaped as bodies of revolution, piled 
in bulk in a standard box, determine
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the position of each particular part, 
locate free surface areas on the part 
for the hand to grasp them, pick up 
the part, transfer and load it into a 
fixed position in proper orientation. 
The robot (Fig. 4.33a) has six axes of 
motion, excluding the motions of the 
gripper jaws and a tactile (probing) 
pin. Three axes define the position of 
a table 1 , a carriage 2 , and an arm 3 
along linear coordinates. The other 
three axes provide for an object’s ori
entation in angular coordinates: rota
tion of a fork 4, bending of a wrist 5, 
and rotation of a gripper 6. The robot 
is driven by electric motors through 
reducers. Links turn ±  180° and exe
cute linear motions up to 400 mm. 
The maximum payload is 2 kg. Grip
per jaws open in response to a com
mand for a maximum distance of 
100 mm. The tactile pin powered by 
a special drive can move out for 
120 mm. The gripper jaws are shaped 
such that the pin in its retracted po
sition does not hinder gripper closure. 
The gripper and the sensing device 
are built as individual units to avoid 
transmitting force to the pin as the 
gripper takes hold of a part. Each axis 
of the robot is controlled by position 
sensors. Gripper pads are fitted with 
strain gages (force sensors) to mea
sure a grasping force, one more ten
sion gage being fixed to the arm to 
control the pull on each part. The pin 
S carries on its end face a 15 X 15 mm 
matrix of nine simple wire potentio
meters; the matrix is hung on the pin 
by a ball joint to allow it to move when 
coming in lateral contact with an 
object. The fine motions of the matrix 
are recorded from contact sensors at
tached to the pin.

The control algorithm for the Adam- 
02 robot consists of a set of programs 
run on a digital computer to drive 
the robot to perform scanning and 
groping motions, to grasp a part and 
transfer it (Fig. 4.336). The scanning 
motions required to seek for a part 
terminate as^the pin touches it: the 
matrix feeling for a part as it
locates free portions on which it is 
possible to secure a grip. The hand 
can grasp a part in one of a few orien
tations depending on the initial posi
tion of the part and its position in re

lation to other parts (Fig. 4.33c). 
For this reason, the algorithm envisa
ges a purposeful probing so as to grasp 
a part centered in one of the preferred 
pickup states. In the process of fee
ling for a part, devices collect infor
mation on the shape of a local surface 
portion, slope of the surface and dire
ction of its slope, orientation of the 
surface relative to the tactile pin, 
height of the local portion from the box 
bottom, number of probing steps, and 
length of the identified portion. The 
devices also verify that each portion 
belongs to its given part. From this 
information, it is possible to determ
ine whether or not a two-fingered grip
per can pick up the part.

The robot can also handle random
ly oriented parts using an electromag
netic pickup, which is a current-cont
rollable electromagnet fitted with a 
weight sensor. In scanning the box 
space, the electromagnet picks up parts 
and the weight sensor issues a signal 
representative of the number of parts. 
If it picks up a few parts, the control 
device steps down the current
through the electromagnet to a value 
enough to maintain one part only. The 
pickup then transfers the part to a
field serving as a “sensing” surface to 
define the part’s shape and orienta
tion.

The tactile HI-T-Hand Expert-2
robot model of Hitachi Ltd. (Japan) 
is capable of assembling two or three 
parts of a unit (Fig. 4.34a). The assem
bly station arranged on a common base 
includes the main three-axis cartesian 
coordinate manipulator 4 , an auxili
ary one-axis manipulator 7, part
feeders 5 and d, and a conveyor 1 
with pallets serving as assembly jigs 
(the third part — the base member — 
may serve as pallets). The main mani
pulator’s gripper is fastened to an 
arm wrist 3 through a cross-shaped 
flat spring 2 with tension gages trans
mitting signals proportional to the 
amount of sagging of spring lobes 
along axes x, y, and z. The spring 
presses one part against the other du
ring assembly. The sequence of steps 
in assembling the unit that consists 
of a peg and a sleeve is shown in Fig. 
4.34b. As the hand is inserting the peg 
into the hole, tension gages send cont-

1 0 -0 8 2
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Fig. 4.34. Assembly operations performed by HI-T-Hand Expert robots
(а) HI-T-Hand Expert-2 assembly system; J, conveyer; 2, spring with tension gages; 3, arm 
of main manipulator; 4, main manipulator; 5, 6, part feeders; 7, auxiliary manipulator;
(б) stages of assembly; (c) example of unit assembled by HI-T-Hand Expert-4

rol signals proportional to the force 
exerted by the hand and its oscilla
ting motions to prevent jamming and 
decrease friction. The robot can han
dle peg-and-hole insertion tasks within 
a radial clearance as low as 20 pm.

The control system is built around 
a matrix panel and replaceable logic 
circuits to enable changeover for a 
few varieties of product styles. If 
the robot fails to accomplish the gi
ven assembly operation in a specified 
time, the part picked up by the grip
per of the main manipulator is reje
cted and replaced with a new one.

The tactile HI-T-Hand Expert-4 
robot model is similar in design to the 
model described above and consists 
of a main manipulator and an apron 
conveyor arranged on a common base.

Fig. 4.34c demonstrates a typical 
unit assembled by this robot.

The Sigma/MTG robot (see Fig. 
4.31) is equipped with force sensors 
which control the shift of the gripper 
relative to the arm along x , y, and i 
axes over the measurement range from 
0 to 1 m. The signals from the sensors 
arrive at the control system which ad
justs arm motions. Fig. 4.35a illu
strates how the robot prepares to 
drive a screw; Fig. 4.355 shows the se
quence of stages in assembling sound 
parts (on the left), the parts on the 
right being rejected for one reason or 
another. The assembly operation con
sists of three stages with sequential 
control of the relative position and fit
ness of parts in each stage. In the first 
stage, the screw enters the hole of a
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i ,  robot hand; 2, sensor of force; 8, 4, parts 
m ated; 5, screw driver

part 3 and the sensor 2 does not shift 
with respect to a hand i ,  making it 
possible to pass to the next stage; 
otherwise, the sensor generates a sig
nal for the control system to adjust 
the position of the hand 1 or to reject 
the part 3. Control over the other two 
successive stages is similar. Here the 
control System rejects parts for one 
of the following reasons: the hole in a 
part 4 has a larger (or smaller) dia
meter than the screw diameter; the 
screw is lost; or the screw-driving 
force exceeds the permissible value.

F ig. 4 .30 . B lock  diagram  of the integrated  
ETL robot
I ,  3 , TV cam eras; 2, l ig h t  filter; 4% im age  
in p ut block; 5, b lock  of im age separation  
b y color; 6, b lock of ob ject shape recogni
tion  and id en tifica tio n  of faces and surfaces; 
7, block of m easuring d istance [to object; 
3, b lock  of object recogn ition  and se tt in g  
o f robot m otion  program ; a, b lock  o f robot 
m otion  control; 10, b lock  of hand control 
in  response to s ig n a ls  from  ta c t ile  sensors;
II,  m anip u lator; 12, w ork ing ta b le

The integrated ETL robot (Japan) 
can perform the adaptive mode of 
control and set up control programs in 
accordance with the purpose in hand 
by using the information gathered 
with the aid of computer vision and 
tactile sensory hardware. The block 
diagram of the robot appears in Fig. 
4.36. The manipulator has six axes of 
motion in the angular coordinate sy
stem and is complete with sets of hy
draulic and electromechanical end ef
fectors. Grippers have tactile sensors 
fixed to the pads of fingers and opera
ted on “yes-no” basis. The electrome
chanical grippers have finger position 
sensors which permit the robot to es
timate the dimensions of a part and 
control the grasping force. The tactile 
sensors are meant for detecting ob
jects in the work area and determining 
their orientations in order to set 
up the program of motions needed to 
grasp an object in the prescribed man
ner. The computer (TV camera-based) 
vision system determines the position

10*
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F ig . 4 .37 . F un ctional diagram  of the M K II-2.5 robot
J , m anip u lator car; $ ,preducer for lin ear m otion  o f th e  car w ith  e lectr ic  m otors and  hydraulic  
pum p: 3, arm  (boom ) w ith  gripper and h yd rau lic  m echanism  o f closure; 4 , reducer for l i f t 
in g  the robot boom  w ith  e lectric  m otors; 5 . reducer for sw in gin g  th e  boom  w ith  electrio
m otors

and orientation of a part and discri
minates it from other parts.

Most projects on the development of 
adaptable robots pursue experimental 
and research objectives. Only a few 
makes such as the YM 16002.81.01, 
HI-T-Hand Expert-2 and Expert-4, 
Sigma/MTG, and some others are tai
lored to industrial applications. The 
use of advanced sensory-feedback sy
stems will accelerate the transfer of 
these machines to industry and sub
stantially extend the area of their ap
plication.

4.5. INTERACTIVE ROBOTS

Interactive robots can alternately 
operate under control of a human ope
rator and an automatic system.

The M KII-2'5 industrial robot

B is designed to^service furnace- 
press! installations; the furn

ace  ̂ 5 000-̂ MN press, and manipulator 
make up a self-contained cell with the 
robot operated through an NG system 
that alternates in time the automatic 
mode with the manual mode of con

trol. The manipulator (Fig. 4.37) 
is of the ground rail-riding type hand
ling loads up to 2.5 tons. The four- 
wheel cari rides a two-rail track 10 m 
long at a speed of up to 0.6 m/s. The 
total braking distance of the car does 
not exceed 5 cm. The arm’s braking 
length with the car running is 1 to 
1.5 cm. In forging, the forged piece 
and manipulator arm 3 can resilient- 
ly go down under the action of the 
block head, the shock being cushioned 
by a hydraulic-pneumatic accumu
lator. The maximum reach of the arm 
is 1 180 mm; the arm’s vertical stroke 
comes to 455 mm at a stroke velo
city of 0.07 m/s. By a command from 
the control the arm can shift with res
pect to the car in the horizontal plane 
for ±150 mm. The gripper can swi
vel 360°. The manipulator’s mass is 
20 t.

The car is driven by two electrio 
motors through a reducer and a spro
cket engaging stationary pin teeth.

The NG system dictates robot mo
tions in three coordinates (the arm’s 
vertical and longitudinal motions pa
rallel to the rail track and gripper
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rotation) and guides the block head 
motion. The motion of gripper clo- 
nure, the arm’s lateral shift parallel to 
the press face, and car movement along 
tlie track are controlled manually. 
The NC tape contains a body of infor
mation from 20 to 100 cycles. The 
time required to run one cycle is 6 
lo 60 s. Automatic forging takes 10 
lo 20 min on the average.

The operator drives manually the 
manipulator to pull a forging out of 
the furnace, transfer it to the work area 
of the press, take off the finished pro
duct, and place it on the conveyor, 
f orging is done automatically by the 
command of the operator.

The operator can run the entire cell 
manually, if necessary, by means of 
a control handle.

Robots with supervisory control, i.e. 
machines which complete one auto
matic cycle and start on the next by 
I ho command of the operator, have 
not yet found industrial application. 
'Hie description of some experimen
tal robotic systems of this type is 
Ifiven in works6”10.

4.6. END EFFECTORS

End effectors of industrial robots 
(IBs) and manipulators (Ms) are the 
moving components which are desig
ned to grasp and hold objects of mani
pulation in a definite position. Since 
objects of manipulation can vary in 
nlze, shape, mass, and physical pro
perties, the robot needs a variety of 
toplaceable end effectors such as 
hands, grippers, pickups, and tools 
to handle different objects. An IR 
or M generally comes complete with a 
hrI of standard end effectors (for the 
Kiven robotic system) adapted to suit 
the requirements of a particular pro
duction task. Sometimes a standard 
hand is fitted with changeable ele
ments such as jaws, pads, and cups. 
A robot can be furnished with special 
end effectors^ if necessary, to carry out 
certain operations. End effectors must 
Milt both general and special require
ments depending on the conditions in 
which they have to operate. The man
datory requirements placed on an end 
effector come to the following. It

must reliably grasp and hold an object, 
secure stable positioning (location), 
and not distort or otherwise damage 
an object. An end effector must fea
ture high strength combined with small 
overall dimensions and low mass. 
What deserves particular attention i$ 
that the joint used to link the end ef
fector to the robot wrist must be reli
able. Where one IR tends a few pieces 
of equipment, the use of wide-range 
(wide-opening) hands or automatically 
replaceable end effectors may prove 
to be the only possible alternative if 
the machines simultaneously work 
parts varying in configuration and 
mass. For this reason, the end effe
ctors of robots designed for batch pro
duction must comply with additional 
requirements. Namely, they must 
grasp a variety of parts which differ 
in mass, size, and shape; lift closely 
spaced parts; be amenable to easy ana 
fast replacement both manually and 
automatically. Sometimes there is a 
need to automatically adjust the clam
ping force on a part depending on its 
mass. Efforts have been made in the 
last years to design end effectors capa
ble of grasping} and palletizing ran
domly oriented parts.

Classification of End Effectors. 
Since there is a great variety of end ef
fectors suitable for handling similar 
tasks, along with a large number of 
features pointing to their difference 
in design, it is hardly possible to clas
sify these mechanisms in a purely hie
rarchical order. Fig. 4.38 displays the 
classification of end effectors by the 
features which are in most cases equi
valent. Table 4.29 presents some de
signs of end effectors.

By the method of grasping, end ef
fectors fall into three groups.

1. Gripping mechanisms which hold 
objects through the kinematic action 
of working elements (jaws, fingers, 
pads, etc.) that exert a locking force 
combined with the force of friction. 
These are active devices which can be 
divided into two categories: mechani
cal grippers (tongs, vices, hinged fin
gers) and grippers with elastic chatn- 
bers which expand when air or water 
is injected thereto.

2. Supporting (hooking, lifting, 
scooping) mechanisms which hook a
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Character of action

Type nf control

Tupe of attachment 
$  roro b o t arm

Fig. 4.18. Class tfioati'n
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effectors

of end effectors
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Table 4.29 . Some Designs of End Effectors

Mechanical
aligning (centering)

wide-range narrow-range

Body of revolution: 

flange <D
1.1

shaft CSS**
2.2

Flat piece

Case-type piece

Shaped piece

&

part by an ear or lift it on a thin plat
form if the hand can gain access un
derneath the part. These are hooks, 
loops, forks, spatulas, and feeder hol
ders that (Jo not clamp parts.

3. Pulling (attracting) mechanisms 
which exert a pulling force on a part 
by utilizing various physical effects.

The most popular of them are vacuum 
cups and magnetic pickups. Mecha
nisms relying on the effect of electro
static attraction or adhesion, sticky 
fingers, etc. are rarely used.

By the character oi locating (posi
tioning) an object, end effectors can 
be broken down into five groups.
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gripper Vacuum cup hand and magnetic 
pickup

locating
centering locating

Pickup with 
elastic chambers

4. Mechanisms capable of relocating 
an object, which change the position 
of a grasped part through the control
lable actions of working elements. 
These art? 'anthropomorphic hands 
with controllable hinged fingers.

2. Aligning  (and centering) end 
effectors which determine the positi

on of the axis or plane of symmetry of 
the object being grasped. These are 
mechanical grippers equipped with 
kinematically linked working ele
ments which have V-jaws, etc. End 
effectors with elastic chambers cai* 
sometimes locate parts in this man
ner.
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3. Locating end effectors which deter
mine the position of a datum surface 
or datum surfaces. Such a principle of 
locating is typical of gripping mecha
nisms, though supporting mecha
nisms, too, often employ this principle.

4. Fixing end effectors which retain 
the orientation of an object at the 
moment of grasping.

5. End effectors which carry objects 
without properly locating them or re
taining their prior orientation. These 
mechanisms are hardly suitable for use 
in robotic practice.

Depending on the functions they 
perform, hands for, say, assembly ro
bots can be fitted with additional gad
gets to perform time motions and also 
with tools such as nut runners, 
squeeze heads, and shears to cut off the 
gating from plastic products removed 
from automatic molding machines.

By the number of working positi
ons, end effectors can be of the single
position and multipositional types. 
By the character of work, the latter 
type can be classified into three 
groups: end effectors of the sequential, 
parallel, and composite actions. The 
first group includes double-position 
devices having a loading and an unlo
ading position. Working elements in 
oach position act independently. The 
second group includes end effectors 
which have a number of positions for 
picking up and releasing several parts 
simultaneously. The third group com
prises end effectors with a few parallel 
rows of working elements, each row 
being brought into action independent
ly-

By the type of control, end effectors 
fall into four groups.

1. Uncontrollable end effectors which 
are permanent magnet pickups or va
cuum cups without a blow-off system 
to release parts fast. The force required 
to tear off a part is higher than the 
force of attraction.

2. Command-controlled end effectors 
which operate only by the commands 
to pick up an object or let it go. To 
this group belong spring-operated de
vices fitted with stoppers and actuated 
in a step. ,The springs open and close 
jaws as the latter interact with an ob
ject; the mechanisms are similar to 
those employed in some ball pens.

3. Fixed-sequence end effectors which 
operate under the command of the GS 
oi the robot. The movement of jaws, 
relative position of working elements, 
and clamping force can be varied de
pending on the given program which 
can also control the action of auxilia
ry contrivances and tools.

4. Adaptable end effectors which 
are programmable devices equipped 
with various sensors to determine the 
shape and mass of an object, clamping 
force, slip, if any, between the fingers 
and the part, etc.

By the type of their attachment to 
the robot arm (or to the arm wrist) all 
end effectors can be classified into 
four groups.

1. Nonremovable end effectors which 
are made integral with the robot con
struction and are not subject to repla
cement.

2. Replaceable end effectors which 
are independent units with location 
surfaces for fastening to the robot arip 
wrist. The joint does not afford a 
quick release; this can be a flanged joint 
fastening an end effector to a flange 
with screws.

3. Quick-release end effectors are 
changeable devices whose location sur
faces provide for fast disconnection. 
The attachment can be, for example, of 
the quick-disconnect bayonet lock type.

4. Automatically removable end ef
fectors whose location surfaces provide 
for automatic replacement and attach
ment.

Designs of End Effectors. Some 
designs of passive supporting-type 
end effectors which can be applied to 
IRs are shown in Table 2.3.

Mechanical grippers. Uncontrollable 
grippers are made as forceps, elastic 
split rollers, fingered bushings 
(chucks), or as tongs with one or two 
spring-loaded movable jaws (Fig. 
4.39). The grasping elements (fingers) 
move apart as they come in contact 
with an object. In this method of gras
ping, however, the part or fingers are 
not safe from damage as they are 
brought into contact. The part is held 
tight by the elastic action of fingers 
and is forced out by additional ap
pliances. These devices are applicable 
in production of large batches of light
weight small-size parts.
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Fig. 4.39. Uncontrollable grippers

Spring-actuated grippers with lock 
mechanisms to provide for alternate cy
cles of closing and opening the fingers 
(jaws) are self-contained devices which 
do not need special commands from 
the control system, nor do they require 
external energy supply. Parts are 
fixed in place by retracting springs or 
locked by jaws. As a rule, these grip
pers can operate only in the vertical 
position.

Figure 4.40 illustrates the operati
on of spring-actuated hands which 
grasp shafts or flanged parts on the 
outside dimensions. Fixed to the case 
7 is a guide pin 5 carrying a locking 
plate 4. The wrist assembly 3 with 
pivoting jaws 1 can slide along the 
pin 5. When the jaws secure a grip on 
the part, the plate 4 wedges between 
the upper ends of the jaws and locks 
the gripper. To release the part arri
ving at the unloading position, the 
arm moves downward until the part 
touches the support. The stop pin 2 
then bears up against the part so that 
the wrist assembly 3 comes to rest while 
the case 7 goes on moving down. The 
plate 4 slides down too and releases 
the jaws which move apart by the ac
tion of a compression spring 13. The 
lock mechanism comes into action si
multaneously. It consists of a freely 
rotating lately 11 fitted on a pin 12, 
a lower bush' 9 secured to the case 7, 
and an upper bush 8. The bush 8 
has ratchet teeth only at its lower end, 
and the bush 9 has teeth at its lower

and upper ends, and a slot to accom
modate the latch’s triangular proje
ctions 10 shifted relative to the ratchet 
teeth. As the case 7 and wrist 3 come 
closer together, the latch goes into 
engagement with teeth of the upper 
bush 8 and turns 45°. When the case 
and wrist move apart, the latch enga
ges upper ratchet teeth of the bush 
9, turns 45° once more, and its proje
ctions 10 get into the slot. The locking 
plate 4 simultaneously moves up, 
draws aside the upper ends of the jaws 
i ,  thus securing a grip on the part.

To unlock the system, it is necessa
ry to let the case advance the wrist 
once again. The latch will then engage 
the ratchet teeth of the upper bush and 
rotate 45°. Now that the case 7 moves 
away from the wrist 3 , the latch enga
ges the ratchet teeth of the bush 8, 
rotates another 45° and comes to rest 
in the locked position. The jaws will 
be open, as shown in Fig. 4.40a on the 
right.

Figure 4.406 displays a spring-actu
ated gripper for picking up such parts 
as flanges, gear wheels, and sleeves 
from the stack.

Figure 4.40c illustrates a narrow- 
range gripper (with a difference bet
ween the diameters of the gripper and 
part equal to 1.5 to 2.0 mm) which 
grasps pieces on the inner diameter. 
The gripping mechanism includes a 
cone 1 and balls 2 disposed around the 
circumference in a cage 3. The taper 
angle must be smaller than the angle 
of friction between balls and a part. 
The recommended angle is 5° or 6°. 
The principle of the gripper is the same 
as for the designs described above.

These grippers are used to handle 
loads up to 30 kg, namely, parts in the 
shape of bodies of revolution produced 
on a mass scale.

Command-controlled grippers. The 
tongs-type designs are most popular. 
Jaws are driven pneumatically,'hydra
ulically or electrically. Pneumatic 
drive has the merits of being simple, 
convenient from the energy supply 
viewpoint (one hose), free from the lea
kage problems of hydraulics, readily 
adjustable for the desired clamping 
force, suitable for use in corrosive 
media and in high-temperature zones. 
However, the pneumatic system suf-
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(c)

Fig. 4.40. Spring-actuated grippers 
with lock mechanisms 
(a) hands for grasping shafts or 
flanged parts on the outside dia
meter normal to the generating 
line; (b) hands for grasping flanged 
parts from the stack; (c) narrow- 
range hands for grasping parts on 
the inside diameter

fers from the disadvantage of having 
large overall dimensions along with 
comparatively low clamping forces 
it is able to produce. The hydraulic 
system is the most popular form of 
drive since, being rather small in size, 
it can provide appreciable grasping 
forces and readily lends itself to con
trol. Because of its complexity, the 
electric drive has so far found limited 
applications.

Wide use is made of tongs-type com
mand-controlled end effectors with 
linkage transmission mechanisms of
fering the advantage in the clamping 
force.

Figure 4.41 shows mechanical grip
pers (tongs) using a hydraulic drive 
and a collapsible linkage system that 
makes for a substantial increase in the

clamping force on a part. In the de
signs of Fig. 4.41a and 6, the hydrau
lic cylinder located between hinged 
plates coupled to the leverage actuates 
jaws fitted to the hinged plates. The 
jaws are replaceable to enable the 
gripper to grasp the inner surface (Fig. 
4.41a) or the outer surface (Fig. 
4.416). In the gripper of Fig. 4.41c, 
one of the jaws is set up on a pivoting 
plate whose angular position with re
spect to the lever can be adjusted with 
a screw to change the relative positi
on of the jaws. The design of Fig. 
4.41d uses elastic (springy) pads to se
cure a grip on tne part.

Figure 4.42a illustrates an air-driven 
lever gripper with changeable pads to 
accommodate objects of a variety of 
shapes. A similar gripper for flanges
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(c)

Fig. 4.41. Linkage-operated tongs-type end 
effectors
(a) gripper with the system of collapsible 
links and replaceable Jaws that grasp a part 
on its inner surface; (6) gripper similar to the 
above type, with replaceable Jaws that secure 
a grasp on the outer surface; (c) gripper with 
the system of collapsible links, having one 
of its Jaws fitted to a pivoting plate and 
adjusted for angular position with screws; 
(<l) :gripper with elastic pads

and" rings is shown in Fig. 4.426. 
The rod 4 of an air cylinder 1 carries 
a plate 5 to which are hinged ties 2 
with pivoting levers 3 holding fingers 
(') fitted with replaceable pads 7 on the 
inside. The gripper is set up to handle 
a new range of object sizes either by 
Inserting the pins of ties 2 into other 
boles in the plate 5 that moves the 
fingers 6 through the linkage or by 
replacing the levers 3 or pads 7.

Figure 4.42c presents an aligning 
wide-opening hand with fingers mo
ving parallejv to each other. The rod 
4 sliding along the guide bush in the 
case 3 carries a leverage that consists 
of levers 5, fingers d, and levers 2 
and 7, the last levers being hinged to

the case 3 and to levers 2 at midpoints. 
The levers 2 are twice as long as the 
levers i ,  so the three-point linkages 
they form take the shape of isosceles 
triangles. This accounts for the recti
linear motion of fingers 6 which make 
up parallel-link mechanisms together 
with the rod 4 and levers 2 and 5.

The designs of mechanical grippers 
widely employ rack-and-gear drives 
which are smaller in size than link 
mechanisms and afford a wider ope
ning of fingers, but do not show the 
advantage in grasping force. Illu
strated in Fig. 4.43 are the examples 
of wide-opening rack-operated grip
pers for cylindrical parts.

In Fig. 4.43a is shown a single-po
sition gripper designed to handle 
smooth and stepped shafts. The profile 
of jaws permits aligning the shafts 
in a wide range of sizes. Two pairs of 
jaws 1 are freely fitted on to pivots
7. The jaws carry toothed quadrants 
8 meshing pairwise with racks 3 
which are joined together by links 4 
to form a parallel-link mechanism. 
The links 4 are hinged to a rod 2 of 
the drive. Such a design allows for 
each pair of jaws to work independent
ly so as to grasp and align stepped 
shafts. Portions 5 of the jaws are 
made thinner than portions 6 with the 
aim to pick up and align slanted 
parts and also to prevent stepped shafts 
from pivoting.

Figure 4.436 illustrates a two-posi
tion wide-opening aligning end effe
ctor for handling shafts. This mecha
nism minimizes the cycle time needed 
to place and remove workpieces and 
finished parts. The gripper wi th a work- 
piece 11 between jaws 10 closed by 
the action of a spring 8 arrives at the 
line of centers of the machine tool. 
The jaws in position I I  are kept open 
under the action of a pusher 3 having 
a drive 4 that compresses the spring
8. As the pusher moves upward, the 
spring expands and actuates levers 
1 and racks 0, thereby closing the 
jaws which clamp the finished part. 
With the part being taken off the 
chuck (centers) of the machine tool, 
the rod 5 driven by a bevel gear 6 
and toothed quadrant 2 forces the 
case 7 with jaws to turn on a pivot 12 
so that the hand assumes position
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Fig. 4.42. Wide-opening air-driven lever grippers
(a) gripper with changeable pads; (6) gripper for flanges and rings; (c) aligning parallel-jaw 
gripper

I I  and is ready to place the piece 11 
into the chuck or on the centers of the 
machine tool.

Shown in Fig. 4.43c and d are two
fingered wide-opening aligning hands 
whose principle of action is analogous 
to that described above. The grip
per of Fig. 4.43d is seen to have one 
of its jaws shortened, which makes the 
design compact and permits using a 
feeder with a smaller gap between 
parts. However, such designs call for 
a more accurate coincidence of the 
axes of symmetry of the gripper and 
the part before its grasping.

The aligning wide-opening hand of 
Fig. 4.44fc is complete with three 
jaws of special profiles, which have 
toothed quadrants cut out in their 
bodies. Two jaws 1 and 3 fit freely 
on the common pivot. The toothed

quadrants of jaws 1 and 4 mesh with 
identical gears 6 and 8 which go into 
engagement with a rack 7 connected 
to a rod 2 of the gripper drive. The 
toothed quadrant of the jaw 3 engages 
an idle gear 9 meshing with the 
pinion 8 . As the rod 2 and rack 7 
move upward all three jaws turn 
toward the gripper center through the 
same angle and thus align the part.

The aligning sequential-action nar
row-range two-position gripper in
tended to handle flanges (Fig. 4.446) 
has an elongated rectangular case 5 
with two pairs of guideways cut out 
on its two opposite sides. The guide- 
ways provide tracks for the move
ment of racks (knurled rods) d, id , 13f 
and 14 and also Vee blocks i ,  2, 3 , 
and 4 fastened to the rods with screws. 
On each side of the case the pair of
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Fig« 4*43. Wide-opening aligning rack-operated end effectors for cylindrical parts 
(a) single-position gripper for smooth and stepped shafts; (b) two-position gripper for smooth 
and stepped shafts; (b) two-position gripper for smooth and stepped shafts that can 
simultaneously handle a workpiece and finished part; (c) gripper for disks and flanges; 
(d) gripper with a shortened Jaw^for handling parts in the form of todies of rt\oluticn

Fig. 4.44. Aligning rack gear-operated end effectors for parts such as flanges, disks, and gear 
wheels
(a) wide-opening single-position gripper; (6) sequential-action narrow-range two-position 
gripper
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racks meshes with cut-off (intermit
tent) pinions 7 and 12 to allow for 
the opposite motion of Vee blocks and 
thus to center a part. The racks 6 
and 10 are driven by means of hydrau
lic cylinders 8 and 9 fitted into the 
hand. The Vee block stroke limited 
by the cylinder rod stroke determines 
the gripper’s operating width (size 
range) adjusted for a certain object 
size. Changeover for another object 
size is done by fastening Vee blocks 
in other locations. The gripper can be 
set up for a loading and an unloading 
position by turning the gripping 
mechanism through 180°. The gripper 
proper is hung on the hand wrist by 
pins 11 so that it can sway through 
a small angle by the action of springs 
or other means and thus press the part 
face against the face of the machine 
tool chuck.

Figure 4.45 demonstrates aligning 
wide-opening hands with a parallel 
motion of jaws, actuated by a set of 
rack gears and linkages. In the design 
of Fig. 4.45a, the central roller 1 
carrying ajsun gear of the epicyclic gear 
train transmits a gripping motion to 
the planet carrier which drives two 
gears 3 through bevel gears 2 to

actuate curvilinear racks 4 . Rack 
teeth are cut on plates completing 
four-link mechanisms with jaws 5 
hinged thereto. The design is compact 
and provides for a wide span of jaws. 
In the arrangement of Fig. 4.456, the 
inner links 3 and 4 have toothed 
quadrants meshing with a rack 6 
connected to the gripper drive rod. 
The pairs of links (2, 3 and 4, 5) have 
their ends hinged to plates 7 and 8 
carrying jaws 9 and, together with 
the case 7, form two parallel-link 
mechanisms. These linkages secure a 
rectilinear symmetric motion of the 
jaws and hence permit the alignment 
of box-like and flat parts (using 
jaws 9) or bodies of revolution with 
differently oriented axes (using jaws 
10 ) .

The designs of wedge-driven grippers 
are shown in Table 4.29. Sketch 2.2 
in the table illustrates the gripper 
whose wedge with symmetric bevels 
aligns the grasped part. Sketch 3.3 
is an example of the nonaligning end 
effector employed to load sheet-stam
ping and die-forging presses. Here 
one of the jaws is immobile, and the 
bevel at the rear end of the bending 
jaw serves as a wedge.
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(a) type T; (b) type M; (c) type TM; (d) type Du 
(e) type D 2\ (/) type D3; (g) type D4

A set of aligning mechanical grippers 
<>f the Fujitsu Fanuc Co., Ltd. (Japan) 
appears in Fig. 4.46. The kinematic 
principle of alignment embodied in 
grippers of the types T, Af, and TM  
is the same a# for the design displayed 
in Fig. 4.44a. One difference is that 
the designs of Fig. 4.46 employ flat 
jaws attached to bending links and 
fixed in angular positions by means

of parallel-link mechanisms. The other 
difference lies in the design of linkage 
drive that consists of a pneumatic 
motor and worm gearing. These grip
pers differ from one another in the 
manner of attachment to the wrist. 
The type T hand is suspended from 
the wrist on springs arranged sym
metrically relative to the part being 
grasped so as to press the part face

11-082
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to the reference surface when loading 
the machine. The type M  hand is 
rigidly fixed to the wrist but the 
wrist has a drive that can turn the 
hand with the part about the axis of 
symmetry through a certain angle. 
Such correction happens to be neces
sary in machining base members to 
compensate for their turning that takes 
place when the Fobot transfers parts 
from position to position. The TM 
type has both a spring hanger and a 
mechanism of rotation.

The type D hands are tongs-like 
air-actuated devices which do not 
provide for a fixed orientation of the 
axes of grasped parts that differ in 
size. The errors can be allowed for, if 
need be, by reprogramming robot hand 
motions. The types Dx and D2 are

Fixed sequence mechanical grippers 
offer the possibility of programming 
the spread of jaws. Many of the wide- 
opening grippers described above (see 
Figs. 4.42, 4.44a, and 4.45) can be 
made programmable by furnishing 
them with requisite drives. Program 
control of the span of jaws makes it 
possible to load more closely the parts 
in regular arrays on pallets and work 
with pieces of a variety of sizes and 
shapes. Also, it facilitates the task 
of embodying sensory perception fea
tures in grippers and extends their 
functional capabilities.

Vacuum and electromagnetic end 
effectors. Some features that allow 
us to compare these two types are given 
below. Vacuum cup hands are seen to 
be more versatile.

Electromagnetic system Vacuum system

Suitable only for ferrous objects

Can exert large force of attraction 
per unit surface
Has high locating accuracy due to 
core rigidity
Exhibits remanence that may lead 
to contamination of and injury to 
the pickup and workpiece surfaces
Rapidly picks up parts

Noted for simplicity of design: coils 
and cores can readily be made by 
the user
Has long life, though coils heat up

Suitable only for flat and smooth 
surfaces of all materials
Ensures limited force of pulling on 
surface
Shows decreased locating accuracy 
due to cup elasticity
Requires freedom from particles at 
the interface between the cup and 
part
Takes some time to create a required 
vacuum
More complex in design: requires 
air tightness of Joints and calls for 
appropriate cups and pipelines
Has short life

two-position devices. Each device 
consists of a pair of grippers identical 
in design, one is the loading and the 
other unloading gripper. The loading 
gripper is hung up on the wrist by 
symmetrically disposed springs which 
force the end face of a part against the 
locating elements of the equipment. 
The unloading gripper is rigidly fixed 
to the wrist. The Dx and D2 types 
differ from each other in design by 
the arrangement of loading and un
loading mechanisms. In the D 3 type 
hand the* locking Vee blocks move 
in the direction of the longitudinal 
axis of the robot arm. The Z>4 hand is 
a mirror image of the D3 device.

The basic elements of vacuum end 
effectors are cups and devices which 
produce a vacuum. A simple and 
widespread method of obtaining va
cuum is to use an ejector (venturi), 
in which a high energy stream of air 
delivered from the shop pipeline 
promotes rarefaction. One of the 
known designs of the ejectors is 
shown in Fig. 4.47a. The principal 
element of the ejector is a three-way 
piece (tee) with welded or soldered 
hollow plugs of the required inside 
diameter. In Table 4.29 sketch 4.4 
illustrates a hand with four cups 
rarefied by a common ejector mounted 
on the hand frame. The noncentering
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Tig. 4.47. Elements of vacuum cup hands and electromagnetic pickups
(«) ejector; (6) electromagnet; (c) vacuum cup with a ball-type support; (d) mechanism for 
fastening the grasping elements of vacuum or magnetic grippers; J, protective sheet; 2, 
electromagnet coils; 3, electromagnet body; 4, body of fastening mechanism; 5, screws; 
n, holders; 7, vacuum cups; 8, sleeves; 9, electromagnets

vacuum cup hands shown in this same 
table have independent ejectors, one 
lor each cup, which also serve as 
connecting fittings of the pipeline.

Electromagnetic pickups, as illus
trated in sketches 3.5 and 4.5 of 
Table 4.29, are often made up of small 
electromagnets sited on a common 
frame. These devices are usually used 
when the parts to be handled have 
shaped, round, ribbed, and grated 
surfaces which are difficult or impos
sible to grasp using vacuum cups. End 
effectors with permanent magnets are 
sometimes used, but they require 
devices for holding parts at the un
loading position and special strippers 
to separate pprts from the magnet.

The lifting electromagnet displayed 
in Fig. 4.475 consists of a body 3 
housing electromagnet coils 2 protected 
by a manganese steel or brass sheet 1 .

Vacuum cups are made of rubber or 
plastic materials. Fig. 4.47c illustrates 
a vacuum cup hand with a ball support 
that can be connected to the branch 

ipe in any position. The hand usually 
as a few cups to pick up each part.
The mechanism (wrist) for fastening 

the vacuum cup hand or the magnetic 
pickup (Fig. 4.47d) consists of a body 
4 with holes accommodating threaded 
sleeves 8 with transverse openings to 
house holders 6 of vacuum cups 7 or 
magnets 9. Screws 5 driven through the 
sleeves 8 press the holders against the 
surface of the body. Moving the holders 
in the openings of the sleeves and 
turning them through the required 
angles enables the spacing between the 
cups to be varied over a wide range.

Elastic chamber hands. These are 
tools designed to handle fragile light
weight objects of irregular shapes and

11*
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Fig. 4.48. Centering expansion bladder hands 
of the Simrit Co.
( a )  hand grasping inner surface; (6) hand 
grasping outer surface; i, body; 2, nut; 
3 ,  intermediate ring; 4, bladder; 5, screw; 
S, washer

sizes. The air or liquid pumped into 
an elastic chamber causes the chamber 
to deform and tightly grasp a part. 
Sketch 2.6 in Table 4.29 gives an

example of a two-position end effector 
to transfer bottles; sketch 5.6 illustra
tes such a device with elastic fingers. 
The fingers are less elastic on the 
inside than on the outside, so the air 
or liquid pressure causes the fingers 
to bend inward and closely fit the* 
part’s body. Designs are available 
which can grasp vessels both on the 
inside diameter (ID) and on the 
outside diameter (OD).

Centering expansion bladder hands 
of the Simrit Co. (FRG) are shown in 
Fig. 4.48. The bladder 4 is fitted on to 
a body 1 through an intermediate 
ring 3 (or washer 6) and secured in 
place with a nut 2 and a screw 5. 
The compressed air forces its way 
into the bladder through openings 
drilled in the body. The bladder ex
pands and grasps a part either on the 
inner surface (Fig. 4.48a) or on the 
outer surface (Fig. 4.486).

Table 4.30 lists the basic dimensions 
of bladder hands produced by the 
Simrit Co. (FRG). The technical 
characteristics of bladder hands il-

T a b l e  4 . 3 0 .  Basic Dimensions (mm) of Expansion Bladder Hands (see Fig. 4.48)

Dimen
Type

sion
003 005 007 008 009 010 Oil

D 12 21 35 44 55 51 60
Di 15 24 39 49 62 57 68
d 2 20.5 34.5 51.5 64.5 75.0 70.0 82.0
L 62 62 62 62 62 72 72

T a b l e  4 . 3 1 .  Technical Characteristics of Expansion Bladder Hands Grasping Parts 
on the ID (see Fig. 4.48a)

Type
Characteristic

003 005 007 008 009 010 o n

Working range of diameters 
from °mln t0 Dmax' mm 16-16.5 25-29 40-50 50-60 63-80 60-70 70-80

Grasping fiorce, N, on part: 
at ^min 80 160 330 660 440 640 450

Dmax 35 60 180 380 280 160 240
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Table 4.32. Technical Characteristics of Expansion Bladder Hands Grasping Paris 
un the OD (see Fig. 4.48b)

Characteristic
Type

003 005 007 008 009 010 Oil

Working range of diameters 
f,om Dmln t0 Dmax' mm 11-5 20-11 34-20 43-34 54-43 50-40 59-54

(irasping force, N, on part: 
at Dmln 50 95 180 260 240 210 180
a*; ®max 50 120 220 330 380 220 220

lustrated in Fig. 4.48a and b are given 
in Table 4.31 and Table 4.32 respecti
vely.

Locating bending-bladder hands of 
the Simrit Co. (FRG), designed to 
grasp parts on the outside diameter, 
are shown in Fig. 4.49a. A locating 
Vee block 2 and a pair of expandable 
bladders 1 connected to the air supply 
through branch pipes 3 are fitted to 
t he body 4. The rigidity of the bladders 
varies round the circumference, so the 
bladders bend under the action of 
compressed air and press the grasped

part against the Vee block. The hand 
is adjusted to other object sizes by 
changing the fastening positions of 
the bladders in the slots of the body. 
The height of the Vee block is adjusted 
by means of a threaded holder 5.

Table 4.33 presents the basic dimen
sions of the hand illustrated in 
Fig. 4.49a. One more design of the 
bending-bladder hand is shown in 
Fig. 4.496, and its dimensions are 
given in Table 4.34.

Three or more expansion bladders 
mounted on a common body can pro-

Klg. 4.49. Locating bending-bladder hands of Simrit for grasping objects on the outside 
diumeter
I, bladder: 2. locating Vee block; 3, air inlet branch pipe; 4, body; 5, threaded holder
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T a b i c  4 . 3 3 .  Basic Dimensions (mm) of 
Locating Beniing'-Blatlder Hands 
(Fig. 4.4i)a)

Dimension
Type

001 003 004 005

L 90 165 165 220
B 26 24 24 40
H 1 5 24 24 25
G 65 115 106 155

vide any type of hand to handle a wide 
range of objects varying in shape and 
size, such as balls, electric bulbs, and 
telephone set cases.

Adaptable end effectors. In a variety 
of cases a robot needs feedback sensors 
to supply it with information on the 
presence of an object of manipulation, 
its shape, size, mass, the state of its 
surface, the clamping force on the 
object, the probability of its pivoting

Table 4.34. Basic Dimensions of Bending 
Bladder Hands (Fig. 4.49b)

Dimension
Type

001 003 004 005

L 36 65 92 130
B 10 20 28 40
D 9 18 25 36
D i 13 22 31 44
d 2 15 25 36 51
Li 24 49 69 97
l 2 10 13 19 26

or slipping between the jaws, etc. 
The end effector is often the best 
location site of sensors. The design of 
an adaptable end effector may vary 
with the complexity and character of 
tasks to be done.

Figure 4.50a shows the general 
view and design of an experimental 
anthropomorphic three-fingered hand

Fig. 4.50. Adaptable hands
(a) three-fingered hand with an active wire-line drive to actuate links; (6) MH-1 type; 
<c) hand with tactile prod
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with tubular phalanges. The hand can 
move its phalanges by means of stran
ded wire lines running inside the 
fingers, which makes the construction 
compact. Phalanges can be bent ±45° 
in each joint, for which reason the 
gripper has a larger work envelope 
than the human hand, given the same 
length of fingers. The three-fingered 
hand and wrist assembly has 11 mo
tions actuated by dc motors combined 
into a common block sited outside 
the confines of the gripper. The wire 
line connecting the finger joint to the 
drive is about 1 700 mm long. The 
mass of the hand and wrist assembly 
is 240 g and can handle a 0.5 kg load. 
Providing coordinated control of all 
the actuators of the hand is a com
plicated task which is done by adap
ting a certain number of drives to the 
operation of the others: one group of 
actuators drives joints to execute 
programmed motions, while the other 
does so in response to feedback control 
signals of force. Here, the active 
motions alternate with passive motions 
(executed in response to forces) depend
ing on the operations being performed.

The experimental adaptable end 
effector model MH-1 is shown in 
Fig. 4.506. The hand has six tactile 
sensors 3 which are microswitches 
mounted on the outer sides of the 
jaws. The sensors respond to a touch 
of the hand on an object. The hand 
also carries 17 sensors of pressure. 
These are potentiometer transducers 
2, 4, and 6 arranged on the inner 
surface and ends of the jaws, and on 
the lever 1 between the jaws. Two 
photodiodes 5 locate an object and 
guide the hand to grasp the object.

The end effector of an experimental 
industrial robot (Fig. 4.50c) incor
porates an extensible element 1 carry
ing a force sensor 2 connected to a 
prod 3 and photosensors 5 sited on 
the end faces of jaws 4. The hand 
picks up unoriented parts in the 
form of flat disks. With the jaws 
kept open and the prod extended, the 
field of vision is first scanned to detect 
the object. As the prod touches a part, 
the sen^br l2 issues feedback signals 
to determine the object’s position by 
defining the direction of the normal 
to the cylindrical surface of the object.

(a) gripper with a device for measuring the 
diameter of the finished part; (b) vacuum 
gripper designed to pick up products from 
automatic molding machines and to cut off 
gating with pneumatic shears

The hand then moves to the disk 
center and rotates about the longi
tudinal axis of the robot arm to enable 
the photosensors to identify the free 
surface areas which the hand can 
grasp to pick up the disk.

In the robot model yM60<D2.81.01, 
the hand carries an information block 
that imparts to it some adaptive fea
tures and allows using simple magazines 
in the form of stationary supports for 
storing parts in regular arrays.

Adaptable end effectors find wide 
use for automation of assembly opera
tions.

End effectors with devices for per
forming production operations. These 
extend the field of application of 
IRs and shorten the sequence of 
motions in each cycle. They can be 
of the command-operated, fixed se-
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Fig. 4.52. Wide-opening grippers for mating 
parts such as shafts, rings, cases, or flanges 
(a) rack-operated gripper; (6) wedge-operated 
gripper; l ,  shank; 2, flange; 3, body; 4, swi
veling plate; 5, air cylinder for opening Jaws; 
6, pinion; 7, tie; 8, bolt; 9, Jaws; 10, spring; 
l l ,  12, racks; 13, wedge; 14, fluidic sensor; 
15, roller; 16, toothed quadrant

quence, or adaptable types. The end 
effectors illustrated in Fig. 4.46 may 
serve as examples of such end effectors 
equipped with devices for local move
ment of workpieces when loading 
machine tools. Also in use are end 
effectors furnished with air-blast noz
zles to clean the surfaces of the part 
and machine tool, pushers to strip 
the stamped part of the butt-end and 
drop the waste off, and press-fitting 
tools to carry out assembly jobs, etc.

Figure 4.51a shows a gripper with 
a device for measuring the diameter 
of the finished part. One of the V-jaws 
has in its slot a Vee block suspended 
on flat springs and a pneumatic meter 
nozzle rigidly attached to the block. 
A change in the distance between the 
nozzle and the part due to variations 
in the dimensions of the part causes a

change in the air flow rate of the 
measuring system.

Figure 4.516 illustrates a vacuum 
gripper equipped with pneumatic 
shears to cut off gating from the plastic 
products of an automatic molding 
machine. The gripper thus combines 
the operation of gating removal (before 
the material hardens and becomes 
liable to cracking) with the operation 
of transferring products to a box or 
cooler.

End effectors used to automate as
sembly operations are commonly made 
complete with tools to enable perfor
ming both handling and mating opera
tions. In a number of cases the as
sembly tool also serves as a gripper.

Grippers and tools for assembly ope
rations. The grippers serve to mate 
parts, change their positions, and 
handle pieces and assembled products. 
Fig. 4.52 shows the gripper for work 
with parts in the form of shafts, 
cases, and flanges. The elements of 
the system for automatic replacement 
of the gripper, namely, a shank 1 
and flange 2 , are set on top of the 
body 3. The air cylinder 5 intended 
to open ^ w s 9 (kept closed by a spring 
10) is fitted to the case on its side. 
The jaws turn freely on pivots made 
fast in a fork fixed to a swiveling 
plate 4. The plate rotates 90° and 
180° about an X-X axis by means of 
a pinion 6 and rack 11 having its 
teeth cut at the end of a tie 7 secured 
with a bolt 8 to the rod of a hydraulic 
or pneumatic cylinder housed inside 
the robot arm. The jaws are bent by 
the action of a rack gear (Fig. 4.52a) 
or a wedge (Fig. 4.526). The rack 12 
or wedge 13 carries a fluidic sensor 14 
that gives a command for the arm 
to stop as it approaches a part lying 
in the feeder that stores pieces in 
a stack. The air cylinder 5 and sensor 
14 communicate with the power and 
measuring systems and with the 
pneumatic-electric transducer through 
a connector with its receptacle moun
ted on the flange 2.

Tools for performing assembly oper
ations are rather diverse in design. 
Below are some examples of designs.

Mating cylindrical parts. In machine 
engineering, this operation is most 
commonly done to insert, say, bear-
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ings, shafts, shells, and collars into 
housings. The operation requires a 
high accuracy in the mutual arrange
ment of mating parts, the path of 
their movement, or the compensation 
for errors in the relative location of 
parts.

The errors in relative positions are 
offset by two methods differing in 
principle.

1. The active method, using sensors 
that measure forces and moments 
arising during the assembly of parts 
and issue commands to the actuators 
to generate corrective motions.

2. The passive method, using kine
matic elements and devices usually 
mounted on the hand or tool. These 
elements ensure an “automatic detec
tion” of mating parts which must have 
additional chamfers, faces, and other 
locating surfaces to provide for correct 
mating.

The first method is the most uni
versal but requires a wide range of 
means for the adaptive control of the 
assembly machine. The second method 
is less versatile, but involves a shorter 
period of time to perform assembly 
operations, and the sensory hardware 
involved consists only of devices 
intended to search for a part and 
control its orientation at the assembly 
station.

Figure 4.53 illustrates the hand for 
picking up and inserting a rolling 
bearing into a base housing. This 
hand may be illustrative of how the 
relative position error can be made 
up for by the second compensation 
method in mating rigid parts. The 
rod 10 moves along guides 7 and 9 
inside the case the rod end 11 
being coupled to the rod of a hydraulic 
cylinder in the robot arm. The air 
pressure sensor 19 fixed to a barrel 4 
and brought in communication with 
an air pipe 5 having a connector 6 
serves to monitor the presence of a 
part (bearing) in the hand.

The parts such as disks, rings, and 
bearings subject to assembling arrive 
at the assembly station in pallets. The 
robot places, the arm’s hand above 
and in alignment with the first upper 
part, and then lowers the hand. The 
driving rod 10 is initially held in 
the extreme upper position, and the

Fig. 4.53. Hand for grasping and inserting 
a bearing into a base housing

pressing rod 16 hangs up on the head 
of a stop 14. The part (bearing) to 
be mated is separated from the pressing 
rod flange by a spacer ( disk 21 with 
balls 20) secured to the rod with an 
elastic string 22. Three spring-actuated 
jaws 1 grasp a bearing 23 with a force 
corresponding to its mass and properly 
center the part. As the hand moves 
down, the part 23 shifts the pressing 
rod up until its flange covers the 
opening in the sensor 19. By the com
mand of the sensor, the hand stops 
lowering and can now move up and 
swing to the assembly position. The 
barrel 4 is set coaxially in the case 
and pressed against its end face at 
a certain force controlled by the sensor
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Fig. 4.54. Hand for inserting a sealing rubber 
collar
{a) before pressing in; (b) during pressing 
in; (c) position of mandrel before fitting in 
the collar; (d) position of mandrel after 
fitting in the collar

built into the arm. At the command 
to start mating the parts, the hydraulic 
cylinder arranged inside the arm actu
ates the rod 10 which descends and 
exerts a force through a nut 12 with 
a spherical end face on the spherical 
surface of a stop 13 secured to the 
pressing rod 16. The rod 16 slides 
along guides 15 and 17 inside the 
barrel 4 mounted on a spherical 
support 2 in the case 8 and fixed 
tight with a retaining ring 3 and 
pin 18 to prevent it from axial dis
placement and rotation respectively. 
As it slides down, the rod 16 inserts 
(presses in) the part (“peg”) into the 
location housing (“hole”).

The misalignment between the peg 
and the hole is made up for by the

radial shift of the peg under contact 
forces at the locating chambers built 
around the edges of the two parts to 
aid insertion. The spacer (20, 21) 
decreases resistance to the radial shift 
of the peg.

To avoid wedging and jamming, the 
misalignment between the mating 
parts must not exceed half the size 
of the larger chamfer on the radius 
and eight-tenths of its size in the 
axial direction. Also, the error in the 
perpendicularity of the end face (for 
location of the tool proper) to the 
axis of the hole must not be in excess 
of 0.1 to 0.2 mm per 100 mm. Compli
ant grippers with self-adjustment rela
tive to the end face of a hole can 
tolerate an appreciable skewness of the 
peg, up to 1.5 mm per 100 mm.

To set up the hand in Fig. 4.53 for 
new tasks, it is necessary to adjust 
the positions of the jaws 1 and sensor 
19, specify the clamping force of the 
jaws, and mount the spacer of the 
requisite size.

In mating parts one of which is 
flexible (not rigid), it is the elastic 
deformation of the flexible part or its 
portions that can compensate for 
misalignment. Fig. 4.54 illustrates 
the hand for inserting a reinforced 
sealing rubber collar with a spring 
into a base member. The hand con
sists of a cylindrical body 1 with a 
shank and flange for connecting the 
hand to the wrist of the robot arm. The 
body contains a spring-actuated man
drel 2 and a stop 3 to limit the stroke 
of the mandrel which carries a lever 6 
hinged on two pins 4 passing through 
slots 9 in the body. The lever is a half
ring holding at one of its ends a prod 5 
and at the other a cam 7 which inter
acts with an air pressure sensor 8 
attached to the mandrel. On lowering 
the hand into the feeder (pallet), the 
collar 10 gets slipped over on the 
mandrel whose diameter is equal to 
the diameter of the shaft to be sealed, 
and is held in place by the force of 
friction. The collar in this position 
forces the prod aside, the lever then 
turns on the pins and covers with 
its cam the nozzle of the sensor, so the 
robot arm stops moving down. The 
hand with the collar now sweeps to 
the assembly position. The stop 11
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of Fig. 4.54b, which is set up in a 
fixture 13, centers the base member 12 
and also serves as a guide for the 
collar. When the hand presses in the 
collar, the mandrel bears with its end 
face against the stop while the body, 
which still descends, compresses the 
spring and inserts the collar into the 
seat. The hand now moves up and 
sweeps back to its initial position.

During assembly, the collar slides 
down the base member’s chamfer, 
which thus centers the mating parts. 
The misalignment between the man
drel and the collar must not exceed 
the size C of the chamfer on the 
mandrel. The mandrel stroke is chosen 
with consideration for the collar des
ign.

Using appropriate extension pieces 
on the body 1 and mandrel 2 , the hand 
of Fig. 4.54 can insert reinforced seal- 
ling rubber collars 32 to 125 mm in 
outer diameter into the seats of base 
members such as cases, caps, and 
sleeves. To keep strain in collars to 
a minimum and facilitate the insertion 
of mandrels into collars and collars 
into seats, it is advisable to grease 
corresponding parts with mineral oil. 
This aids assembling and prevents 
damage to collars.

Inserting flat gaskets from sheet 
materials. Electromagnetic or vacuum 
grippers are suitable for the purpose. 
Vacuum cup grippers provide for a 
more accurate fit and can handle 
parts made of any material. Fig. 4.55 
shows the vacuum gripper in the 
form of a cylindrical body 1 carrying 
a changeable disk 5 with slots to ac
commodate cups 6 with ejectors 12 
and a fluidic sensor 7. The choice of 
the number of cups depends on the 
shape, size, and mass of gaskets. The 
air diverted from the pneumatic pipe
line first passes through the socket 
of a pneumatic connector 2, a branch 
nipe 3, tubes 9 and then gets into a 
body 1 incorporating an air distributor 
4. Inlet pipes 8 and 10 serve to deliver 
the air to a fluidic sensor 7 which 
issues signals for the arm to stop 
moving as ^he cups touch a gasket 11 
and also*Whds signals for the arm to 
sweep to the assembly position. At 
the pickup station the gaskets lie in 
piles on the pallet. Changeover for

Fig. 4.55. Wide-opening vacuum cup gripper 
for inserting gaskets from sheet matf rials

other gasket sizes is done by replacing 
disks 5, mounting the requisite num
ber of cups in disk slots in proper posi
tions, and relocating sensors 7. By 
using disks of three sizes, the hand 
can handle cardboard and textolite 
gaskets of the following dimensions: 
D equal to 28-37,40-95, and 100-220 mm 
with Z)x of 42-48, 54-110, and 120- 
250 mm and D2 of 55-65, 70-130, and 
145-280 mm, respectively.

Inserting outer and inner flat spring 
rings. The assembly tool intended to
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Fig. 4.56. Automatic assembly tool for installing outer flat spring rings on to shafts

pick up and install the outer rings in 
grooves of parts such as a shaft is 
shown in Fig. 4.56. The body 1 
accommodates a rod 2 connected to 
the drive in the robot arm and a sleeve 
5 pressed against a bearing 3 with 
springs 8. The sleeve has two diamet
rically opposite shaped windows 6 
with two horizontal portions 13,14 and 
one sloping portion 12; the longitudi
nal slots 4 are cut out in the body. 
The ends of a pin 7 joined to the rod 
enter the slots through the shaped 
windows. Fastened to the end face 
of the sleeve is an extension piece 9 
carrying a movable stop 23, two 
adjustable ring pushers 15, and a 
spring-actuated pin 16 for mounting 
a spring ring 17. The stroke of the 
pushers is adjusted by moving them to 
proper positions in slots cut in a 
member 20. The plate 22 serves as 
a rotation limiter for the sleeve.

The hand placed above the pallet 
with the oriented spring rings moves 
down until the end faces of the piece 9 
and plate 19 touch the ring 17. The 
locating pins 16 and 18 then enter 
the eyes of the ring. With the ring 
held in position, the air-pressure sensor 
signals to the hand actuator to move 
the rod up. The pin 7 turns the sleeve 5 
relative to the body 1 and thus expands 
the ring and a reset spring 21 attached 
with its one end to the plate 22 moun
ted on the hand body and with its 
other end to the piece. The spring- 
actuated stop 11 fitted on an exten
sible clip 10 fixes the expanded ring 
held on the pins 16 and 18 in a groove; 
the ring is now brought against two 
adjustable pushers 15. The hand then 
travels coaxially with respect to the 
shaft fastened in an assembly jig, 
moves down and begins to fit the 
expanded ring until the signal from
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Fig. 4.57. Automatic assembly tool for inserting flat spring rings into grooves cut on inner 
surface of base members

the pressure sensor testifies that the 
ring is in the groove. As the rod 2 
slides down, the pin releases the shaped 
windows 6, so the sleeve turns by the 
action of both the reset spring and 
the ring that encircles the grooved por
tion of the shaft. Descending further, 
the pin reaches the horizontal por
tions of the windows and shifts the 
sleeve together with the extension 
piece, with the result that the two 
pushers slip the ring out of the pin 18 
and place it in the groove. The other 
pin 16, who^e height exceeds the 
ring thicknessf, bears against the face 
of the stop mounted in the assembly 
jig and sinks in. With the hand going 
upward, all these elements now take 
the initial position.

Figure 4.57 demonstrates the tool 
(hand) for grasping and inserting inner 
flat spring rings into grooves cut 
in base members such as cases, caps, 
and other location parts. The body 1 
encloses a rod 2 with a pin 6 at the 
top of which a headpiece 13 is screwed 
to connect it to the drive. The pin 6 
passes through two opposite longitu
dinal slots 12 cut in the body and 
enters the shaped windows 5 of an 
external sleeve 4 arranged coaxially 
with the body and pressed against a 
thrust bearing 3. Between the sleeve 
and the cup disposed in the lower 
section of the hand there is a spring 
ring 7 similar to a mating spring ring 9. 
One end of the ring is fixed to the 
sleeve and the other to the cup. The
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Fig. 4.58. Automatic assembly tool for ma
ting threaded parts

cup carries a spring stop 8 and a locat
ing pin 10 on the diametrically oppo
site sides. The second pin 11 actuated 
by a spring 14 bears against shoulders 
in the sleeve. The distance between the 
pins is equal to the spacing between 
the eyes of the unstrained ring 9 
and is set up by the ring 7. The length 
of either of the two pins is larger 
than the thickness of the ring 9 to be 
fitted into tbe groove. The locating 
pins have  ̂ recesses 15 whose length 
is equal to the thickness of the mating 
ring 9. The pin tips are cut into cones 
16 to aid the insertion of the pins 
into the eyes of the ring 9.

The rings 9 lie stacked on the pallet 
at the pickup station. The tool 
brought in alignment with the stack 
goes down as far as the face of the 
sleeve 4 touches the upper ring. The 
locating pins 10 and 11 enter the 
eyes of the ring 9. The rod 2 now 
slides up and the pin 6 turns the 
external sleeve 4 relative to the body 1, 
thereby contracting the ring 7; the 
pins 10 and 11 now contract the 
mating ring 9 and fix it in position 
as the ring enters the recesses 15. 
The spring stop 8 keeps the ring 9 
from slipping out and breaking away. 
The hand, brought in line with the 
base member, moves down, enters the 
housing, and stops short of the groove 
at a distance equal to the height of 
the locating pin 10. When the rod 
descends, the pin 6 lets the sleeve 
free, so the sleeve turns relative to 
the body. The pins 10 and 11 move 
farther apart, and the spring ring 9 
expands until it touches the inner wall 
of the housing. As the rod goes on 
moving down, the pin 6 lowers the 
sleeve which pushes off the ring 9 
into the groove, thus releasing the 
locating pin 10. The pin 11 is sunk by 
a special stop located in the assembly 
jig and is brought out of contact with 
the ring 9 which now expands and 
bears tight against the groove in the 
base member. With the hand being 
raised, the spring ring 7 returns the 
sleeve into the initial position.

The tool (hand) for assembling thread
ed parts is shown in Fig. 4.58. The 
tool can pick up a screw, start it into 
a threaded hole, and drive right 
home. The case 9 attached to a shank 5 
contains an air actuator with an im
pact mechanism. The connector 22 
and pipe 21 serve to deliver the air 
from the supply system to the air 
actuator rotating a spindle 11. A socket 
wrench 12 fitted onto the spindle 
can shift axially by the action of a 
spring 13. Fixed to the case at its 
lower end is a bracket 10 that carries 
a sensor 15 guiding the position of the 
socket wrench relative to the case. 
The case incorporates a reverse switch 
with rod 24 and an adjusting ring 8 
with channels 7. Depending on the 
position of the ring the air is fed into 
one channel or the other to enable
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Fig. 4.59. Joints for replaceable end effectors (for dimensions, see Table 4.35)

the spindle to rotate in the clockwise 
or anticlockwise direction. The screw 
26 slides along a slot 25 cut in a bar 2 
and keeps the bar from rotation 
during its longitudinal motion. The 
slide bar 2 also has a helical slot cut 
on its surface. As the bar with a screw 1 
executes a longitudinal motion, the 
pin 3 slides along the helical slot 
and turns a rod 24 through 90°, thereby 
reversing the spindle.

The rod of a hydraulic or air cylin
der, located in the robot’s arm, pro
vides for the longitudinal motion of 
the tie. The wrench has a socket 18 
to receive a suitable screw head and 
a circular ridge 19 opposite a sensor 15 
which communicates with the air 
supply system through hoses 14 and 
16 and the connector’s lower section 23 
fitted to a flange 6. The position of 
the wrench relative to the case is 
indicative of the depth to which the 
screw is driven.

The hand picks up a screw from 
the feeder by its magnetic element 17 
and carries it to the base member. The 
compressed air moves through a con
nector 22 and pipe 21 to the actuator 
to drive the spindle 11 which begins 
to rotate and vibrate in the length- 
wise direction thus starting the screw 
into the threaded hole. As the screw 
engages with the thread, the spindle 
is given th$ working motion along 
the axis "of The thread joint to screw 
down. The hand with the spindle 
moves down even if the engagement 
has failed because, say, the screw

has jammed. If this is the case, the 
socket wrench remains stationary in 
the longitudinal direction, and the 
circular ridge 19 interacts with the 
pressure sensor 15. The pressure in 
the measuring channel of the sensor 
increases, so the sensor issues a com
mand signal for the spindle to stop 
sliding down over a certain time 
period. If after this period the signal 
ceases, which points out that the 
wrench with the screw has started and 
the ridge 19 releases the sensor, the 
command arrives for the tool to slide 
down further and drive the screw to 
the specified depth. If after the time 
delay the sensor still generates signals, 
the control system will issue the 
command for the robot to go into 
reverse and raise the tool.

Hand Attachment. Fastening mem
bers and joints. Two designs of joints 
are commonly used, namely, detach
able and quick-release types. There 
are many designs of joints differing 
in the construction of fastening mem
bers, their basic dimensions, and 
arrangement of attachment points. 
One of the practicable designs to 
fasten the hand is a flange connection: 
the flange fixed to the arm end has a 
centering opening and threaded holes 
around it. Such a joint is simple and 
universal since it permits disposing 
some elements of the hand and wrist 
assembly inside of the robot arm and 
connecting the hand that does not 
have its own actuator to the drive 
arranged in the arm. Flanges can be



176 CH. 4. INDUSTRIAL ROBOT DESIGNS

T a b l e  4 . 3 5 .  Basic Dimensions (mm) of Joints for Replaceable End Effectors 
(see Fig. 4.59)

d Di di
I, no 
less 
than

d 2 D3, no 
less than h t

n*

Variant
I

Variant
II

10 18 M4 6 30 26 3 2
2 0 30 M5 7 40 40 4 2
40 52 M6 9 60 64 5 3 4
60 IQ M8 1 2 76 92 6 3

A

90 1 1 0 M10 15 144 130 8 4
4

1 2 0 140 Ml 0 15 180 160 8 4
160 184 Ml 2 18 240 208 1 0 5 7
2 0 0 232 M16 24 300 264 • 1 2 5

N o t e s .  1. The error in the central angle formed between the axes of threaded holes is 
according to USSR State Standards.

2. When using the hand and wrist assembly with a built-in air drive, it is not 
obligatory to cut the groove with dimensions h and t.

* Number of threaded holes.

round or square in shape: the coordin
ates of threaded holes in both cases 
remain the same for the given flange 
size, and both types of fastening mem
bers are interchangeable (Fig. 4.59 
and Table 4.35).

Fig. 4.60. Attachment of quick-release grip
pers (for dimensions, see Table 4.36) 
i ,  socket made in robot arm; 2, gripper 
shank; 3, stop to lock the angular position of 
gripper with respect to robot arm

The bayonet joint is applicable for 
fast disconnection of the hand tooling 
both manually and automatically. The 
attachment illustrated in Fig. 4.60 
includes a socket 1 arranged in the 
robot arm, a shank 2 of the hand and 
wrist assembly, and a stop 3 to lock 
the angular position of the assembly. 
To connect the tooling to the arm, 
it is necessary to insert the shank 
into the socket, simultaneously check
ing away the stop 5, and then turn 
the wrist through 90° (see view A-A) 
to allow the stop to snap into the 
notch provided in the wrist flange. 
Turning the wrist back 90° discon
nects the joint, so the shank can now 
be taken off the socket. The specifica
tions do not stipulate the designs 
and dimensions of fixtures intended 
to secure the angular position of the

T a b l e  4 . 3 6 .  Basic Dimensions (mm) of 
Quick-Release Bayonet Joints 
(see Fig. 4.60)

d D L *1 h Bi B2

2 0 32 40 7 6 2 0 2 1
30 44 60 9 8 30 31
40 56 85 9 8 40 41
50 6 8 1 0 0 9 8 50 51
60 80 1 2 0 11 1 0 60 61
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Table 4.37. Permissible Torques (N m) for Attachment Points of Replaceable 
End Effectors

Datum opening diameter, mm
Variant

10 2 0 40 60 90 1 2 0 160 2 0 0

I 4 1 2 30 80 310 400 770 1845
II 4.4 1 2 30 80 180 230 440 1050

T a b l e  4 . 3 8 .  Permissible Bending Moments (N m) at Attachment Points of 
Replaceable End Effectors (see Fig. 4.59)

Datum opening diameter, mm
Variant

1 0 2 0 40 60 90 1 2 0 160 2 0 0

I 2 0 50 140 400 1300 1700 3300 7800
II 2 0 50 140 400 900 1 1 0 0 2 2 0 0 5200

end effector with respect to the robot 
arm since they depend on the arm 
design. The basic dimensions of the 
joints similar to the design of Fig. 4.60 
are given in Table 4.36, and the 
permissible torques and bending mo
ments for attachment points are listed  
in Tables 4.37 and 4.38.

Mechanism for Automatic Replace
ment of End Effectors. This is built 
on the basis of the standard design of 
a quick-release bayonet joint pre
sented in Fig. 4.60. The sketch of 
the release mechanism is shown in 
Fig. 4.61. The end effectors intended 
for automatic replacement are held 
in a magazine which can be made as 
a stationary rack or turning disk 
with appropriate seats 1. Each gripper 
(the hand or the hand and wrist as
sembly) bears with its flange 8 against 
the rack face and is kept centered with 
a cylindrical belt 9 in its seal (opening) 
having a cut-out to let the upper part 
of the gripper body pass through. The 
peg 2 secures the angular position 
of the en£ ifcffector.

To provide for a fixed angular 
position of the gripper in the robot 
arm 7, the mechanism has a spring 
lock which is a spring-actuated rod 4

with a roller 31 both being placed in 
a bush 5 fitted to the robot arm. The 
rod is kept from rotation by a screw 
and is fitted with a handle 6 to 
unlock the gripper manually. The 
figure shows the way of placing the 
gripper in the seat 1 (or taking it off 
the seat) before releasing the bayonet 
lock. Since the magazine peg 2 and 
roller 3 enter the same slot 10 in the 
flange 8, the peg pushes off the rod 
at the moment of depositing the grip
per into the magazine. This allows

10 9

Fig. 4.61. Mechanism for automatic re- 
placement of end effectors

12-082
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T a b l e  4 . 3 9 .  Formulas for the Calculation of Grasping Forces

Ordi
nal

num
ber

Sketch Design formula

- E

(<*)
f ,

r
rr-

, /
n-- r̂2■ - 1U-l r
k

*2

c . ,  J

(b)
$ 3Q\ U,

For ( a )

■ Q, Rs 
For (b)

H i=y«,  B 2 = - j -  q

Ri = Q> ----- y~Q

sin 0 [sin <p*-sin <pb
, J * cos 0 -M- (cos (p^-cos <pft)]- ——

x ( l - | i 2 )  sin (<p j - cpk)
Kn (I-m.2) [sin ((pi-(p2)]

+ sin (<P2 -  W3) + sin (<p3 - <pi)J 
where i, i, k =  1, 2, 3; i =£ j =£ ft

iVj =  R*

0 =  0 °

* i =
sin (<P/-tpfe)

sin (cpi — (p2> + sin (<P2 -<P3) 
+ sin (<P3-<Pi) 

where i, j, fe =  1, 2, 3; i j =#

^  =  R,
sin <pj-ii cos (p7-

71 sin (<pi +  <P2) - 2 |x cos (<pi +  (P2 ) 
where i ,  ; =  1, 2; i =£ i
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T a b l e  4 . 3 9 .  (c o n t i n u e d )

Ordi
nal

num
ber

Sketch Design formula

<Pi =  90°, <P2 =  <P
N i  —  R n

sin qp-n cos qp 
cos <p + 2 jLt sin <p

N2 =  R71
______ 1______
cos <p + 2\x sin <p

(pi =  (P2 =  90° 
R n
f t

Designations. Q, design load; I, Jaw opening; c, distance from the load point to 
the given jaw; R n , force of reaction to the force exerted by the nth Jaw; 0, angle bet
ween the axis of the part and the direction of the force R n \ N t , force at contact bet
ween the part and the Jaw; qp̂ , angle between the projection of the force An and the 
direction of the force Ny, p, coefficient of friction between the Jaw and the part. For 
soft Jaws without teeth, made of steel grades 45 and 50, |i ranges from 0.12 to 0.151 
lor tempered comb-shaped Jaws with sharp teeth, made of steel grades 65I\ 60C2, Y8 A, 
V10A with hardness HRC of 55, \x ranges between 0.3 and 0.35.

Table 4.40. Formulas for the Calculation of Forces Required to Drive Grasping 
Mechanisms

Structural model Formula for determining P, N

Wedge mechanism For general case,

P >

m
2  M j  ta n  (p + p) 

3=1
6r>m

For symmetric jaws,
2Mj  tan ( 0  +  p)

Here m =  2, nm = 0 .9 ,  0 =  4 to 8 °, p=l®10' 
for pins supported in plain bearings, p 3° 
for pins supported in rolling bearings
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T a b l e  4 . 4 0 .  (c o n t i n u e d )

Structural model Formula for determining P, N

Linkage

\ p

j x X

/ 7 v
mj t r f k 'f o

is] j
4
j

L \ ^

-  1 i£lL_ U  />-T

For general case,

P >

m
y  cos a

3 =  1

For symmetric Jaws,

P ^  -
2 JVl y cos a

Rack gear
For general case,

m
2 . 2  M/

p ^ —
77lqzqT1m

For symmetric Jaws,
4M,.

P ^ ^ —  
mqzq̂ m

Here =  0 ■ 94

Designations, m, number of Jaws per gripperj M j,  moment of grasping (N m) fer
tile ith Jaw, defined by formula 

ft
M j =  2  N j  cos la i tan ±  ci — M- (°i ± ci tan <p.)]; 

i= l
force at contact between the Jaw and the part, N, defined by formulas of Table 

4.39; ft, number of contact points; a. and c., distances from the point of Jaw rotation 
to the ith contact point, m; <pit angle of contact, deg; u, coefficient of friction between 
the Jaw and the part; p, corrected angle of friction, accounting for resistance to motion 
offered by lever pins, deg; p, wedge angle, deg; rim, efficiency of drive mechanism; 6 , 
lever length, m; a, angle of lever rotation, deg; pitch of the toothed quadrant, m 
zq, full number of ths teeth in the quadrant.

the arm with the rod to turn 90° 
and thus to release the bayonet lock. 
As the arm rotates 90°, the roller 
of the detached rod rolls along the 
surface of j the flange, and then the 
arm goes up leaving the gripper in 
the seat.

To take the gripper from the maga
zine, the arm moves down and the 
shank enters the socket. The rod 4 is 
now swung 90° with respect to the 
slot. The Flange 8 forces the rod out. 
As the arm rotates 90°, the bayonet 
lock closes, the roller 3 moves along
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the flange and in the end rests on 
the face of the peg 2. The arm now 
goes up, carrying along the tool. The 
spring-actuated rod 4 enters the slot 
10 as it moves away from the peg. The 
handle 6 serves to release the lock 
manually and replace the gripper.

Design of End Effectors. Mechanical 
grippers. The design procedure inclu
des the estimation of the forces at 
points of contact between the jaws 
and the part being grasped, calcul
ation of the drive power, verification of 
the absense of damage to the part 
surface in grasping, and analysis of 
the gripper parts for strength. The 
strength analysis is made by the con
ventional techniques used in design
ing machine elements. The design 
procedure also includes the stage of 
constructing the profile of aligning 
movable jaws according to Fig. 4.43.

The clamping forces at spots where 
the jaws contact the object of mani
pulation are found by formulas pre
sented in Table 4.39. The mechanical 
gripper can hold a part between the 
jaws in one of the following ways:

—the jaws support a part, so that 
friction has little effect on the mecha
nism of holding the part (sketch 4 in 
Table 4.39);

—the jaws enclose a part and hold 
it tight, the effect of friction being 
limited (sketches 2 and 5 in Table 4.39);

—friction alone holds a part (sket
ches 3 and 6 in Table 4.39).

In practice, the gripper commonly 
holds a part by virtue of a combination 
of forces (see sketch 2 in Table 4.39). 
Besides, as the gripper manipulates 
an object, the pattern of load on the 
gripper and the mechanism of holding 
the part may vary. It is therefore 
necessary to carry out calculations 
lor the maximum force that may occur 
during manipulation.

The calculation of drive powers 
(forces) is made by formulas presented 
in Table 4.40 which considers the 
examples of force estimation for wedge 
transfer mechanisms, linkages, and 
rack-and-pinion transmissions.

It m a p r o v e  necessary to take 
into ac6ouht the stresses at the sur
faces of contact of the jaws with a 
part both in designing a gripper and 
in establishing the possibility of

damage to a part during its grasping 
and manipulation. In a number of 
cases, particularly where friction alone 
has to bold a part, the forces at con
tact points are found to be appreci
able. They may cause injury to the 
finished surfaces of parts or to the 
clamping pads of the gripper, which 
is inadmissible. Contact stresses oc 
must be lower than the permissible 
values, | oc | . Formulas defining the 
stresses at spots where the jaw con
tacts a part are given in Table 4.41; 
the values of coefficient m are listed 
in Table 4.42.

The reduced modulus of elasticity 
E t of materials is given by

Er =  2EvE gl(Ev  +  E g)

where Ep and E g are the elastic 
moduli for the materials of a part 
(an object of manipulation) and of 
gripper jaws respectively.

Constructing the profile of turning 
jaws of aligning tongs-type end effectors 
designed to grasp bodies of revolution. 
The mechanical grippers intended to 
handle stepped shafts and flanges 
most often suit the requirements for 
alignment of the parts whose diameter 
changes after machining. The grippers 
of this type are fitted with turning 
jaws of tne curvilinear shape (see 
Fig. 4.43). The jaws must be formed 
up so that they can align the necks 
of a shaft (or a flange) over a certain 
range of diameters. The upper por
tions of jaws are done of the same 
width and the lower portions are 
cut in such a way that one tip goes 
behind the other. The gripper can 
then reliably align a shaft even if 
the jaws have grasped it on the step 
that passes into a step of the other 
diameter.

The profile of jaws is approximated 
by the arcs of a circle to secure an 
accurate alignment of the workpiece. 
The error of alignment is then defined 
as

A =  ± ( ^ m a x  A m in )4
4 096/?3 tan2 P

where Dmax — DmlI> is a possible 
difference between the diameters of 
a grasped part, mm; R  is the turning
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T a b l e  4 . 4 1 . Formulas for Calculating Contact Stresses at Grasped Surfaces

Graphic model Formula

0.418 j / ^ ( - § -  +  4 - )

0  =  0.418 ^  ( - 3 - - - T - )

,  /~ N E r x 2 
a 0 . 4 1 8  J /  \ d

/  N  (Er)2 d 
o =  m y  ri  at 2 < r

D e s i g n a t i o n s .  JV, clamping force at contact points, determined by formulas of Table 
4.39; Er, reduced modulus of elasticity for materials of the gripper Jaw and workpiece; 
Z, width of the gripper Jaw, cm; d, workpiece diameter, cm; r, Jaw radius, cm; m, coef
ficient dependent on the ratio of the least radius to the largest radius of the two sur
faces in contact (see Table 4.42).

radius of jaws, mm; P is the angle 
that results from profile construction 
illustrated by Fig. 4.62.

The initial parameters for forming 
the jaws to the desired shape are the 
range of diameters of parts to be 
grasped (Dmax and an(*
central angle between the points of
T a b l e  4 . 4 2 .  The Coefficient m  as a 
Function of Ratio 2 r/rf

2  r i d m 2  r f d m

1.0 0.388 0.4 0.536
0.9 0.4 0.3 0 . 6
0 . 8 , 0.42 0 . 2 0.716
0.7 0.44 0.15 0 . 8
0 . 6 0.468 0 . 1 0 0.97
0.5 0.49 0.05 1.98

contact of jaws with a part and the 
central points 2a. It is advisable to 
have ^max^min =  2.5 and 2a =  40 
to 50°. The dimension R between the 
center of a grasped shaft and the axis 
of rotation of the jaw is chosen from 
design considerations and must be 
larger than the average diameter 
dav =  (^max 4“ ^mln)^- The Profile 
arcs of radii rx and r2 are drawn taking 
points B and C as centers. These 
points lie at a distance R l2 from the 
axis of rotation of the jaw. The horizon
tal coordinate of points B and C is 
found from the formula a =  (Rl2) 
Xcot a. The arc radii of the jaw 
profile are:

r1 =  R sin a — dav/2

r2 =  R sin a +  day/2
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The profiles of both jaws are sym
metric. If both jaws turn about 
the common axis (point A ), the points 
where the jaws contact a part are 
symmetrically distant from each other. 
If each jaw has its own axis of rotation 
(A i and A 2, not shown in the figure), 
then the contact points for the profile 
of radius rx move farther apart and 
the contact points for the profile of 
radius r2 come closer together. The 
central angle <p between the axes of 
rotation of the jaws and the center of 
a part, O (angle A fiA ^ ,  not shown), 
should be taken within the limits
0  <  (p <  (2ct — 40°).

Grippers with multilink fingers. 
An example of the design of an adapt
able mecnanical gripper with multi
link fingers is given in Fig. 4.63. The 
links are brought into motion by a 
rope-and-pulley transmission mecha
nism. Belt (rope) drives permit hand
ling objects of only the convex shape, 
for which reason the gripper of 
Fig. 4.63 has a limited area of applic
ation. The pulleys 1 with a rope 2 
serve to release an object, and the 
block of pulleys 4 and 5 with a rope 3 
to grasp an object. The rope 3 passes 
over the larger pulley 4 on the side 
of the link that is closer to the bearing 
link of the finger; it passes over the 
smaller pulley 5 on the side of the 
link closer to the tip of the finger. 
The rope 2 sequentially passes over the 
pulleys 1 of the same diameter. In 
response to a command to grasp an 
object the drive exerts a pull on the 
rope 3 which produces a torque in the 
first link until this link touches an 
object. The rope then imparts a torque 
to the next link and so on until all 
links sequentially get a grip on the 
object. Pulling on the rope 3 with a 
force P0 can produce the required 
pressure q on the object, thus assuring 
a secure grip. The pressure per unit 
width of a link at the same length of 
all links, Z, =  Z =  constant, and the 
same diameter of the larger pulleys 4 
is equal to q =  {D/[n (n +  1) Z2]} Pp* 
Here n is the number of links; D is 
the diametej of the larger pulleys 4\
1 is the^etogth of each link of the 
finger; and P0 is the force of pulling 
on the rope 3.

Fig. 4.62. Construction of the jaw profile 
for aligning grippers intended to handle 
bodies of revolution

Vacuum and magnetic grippers. Va
cuum cup hands. The holding force 
(vacuum-produced attraction force) is

=  kFg (P a  P res)  

where k =  0.85 is the coefficient that 
accounts for changes in the atmosphe
ric pressure and the conditions of the 
seal; Fg is the effective holding area 
of the gripper; pa is the atmospheric 
pressure; and pres is the residual pres
sure in a vacuum cup.

For vacuum grippers with a sealing 
ring the pressure inside the cups is

(a) functional diagram of the drive intended 
to actuate fingers; (6 ) finger links; 2 , pul
leys of equal diameter; 2, rope for releasing 
an object; 3, rope for transmitting motion to 
fingers to grasp an object (Jaw closure); 
4t 5, pulley block
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T a b l e  4 . 4  3 .  Formulas for Calculating Holding Forces Required to Handle Objects 
by Vacuum and Magnetic Grippers

Graphic model Design formula

p (  mk ik2— 8 cos 0o + a cos q)  >  g sin cp0 sin 0o
+ a sin (p sin 0

p ----8 cos 0o + a cos ©) ^ 5  g cos go sin 0o

'mg
+ a cos <p sin 0

mg

<p =  <Po =  90°
p ( ----8 C0S 00 + 0 cos e) ^  1 8 sin 0o + a sin 0 »

1--- 1
L , W

m g

cp0 =  g =  90°, 0O =  0° 

'* (« * [* , S + « c o s e ) ^ a s in e

Z
|
\mg

g0 =  (p =  90°, 0O =  90°
p ( —— -----a cos 0) ^  g + a sin 0' mhift2 '

1 k •

r jjk. r1 X
Img

<Po == (p =  90°, 0o =  0 =  0° 

m k ift2 > S  +  a

D e 6 i g n a t i o n s .  p , holding force of vacuum or magnetic gripper, N; m, workpiece 
mass, kg; g, gravitational constant, m/s; a, gripper acceleration, m/s; 0, angle between 
the acceleration angle and the z axis coincident with the gripper axis, deg; <p, angle 
between the projection of the acceleration vector on the plane normal to the z axis and 
y axis, deg; p, coefficient of friction between the workpiece and the gripper (for metal
lic grippers ahid steel parts, p =  0.17; for rubber cups and steel parts. 11 =  0.3);^!, 
safety factor; fc*2 , coefficient that accounts for shifting the point of application of the 
lifting force relative to the center of gravity of a part (for round grippers, k$ — r/(r  +  
+ Ax), where r is the mean radius of the gripper’s holding surface and Ax is the shift 
of the gripper axis with respect to the center of gravity of a part).___________________
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taken equal to the expansion pressure 
produced by the vacuum pump. For 
grippers without a sealing ring and 
for uncontrollable grippers with a 
sealing ring, the pressure difference 
is pa — pres =  (3.0 to 3.5) N/cm2.

For round grippers with a sealing 
ring, Fg =  0.6 or 0.7Fex, where Fex 
is the surface area limited by the ex
ternal line of contact of the cup with 
an object of manipulation.

Magnetic pickups. The attractive 
force of an electromagnet is found 
from the Maxwell equation:

(In)2
6 25F(Ra +  B m)2

where In  is the number of ampere- 
turns of the coil; F is the area of 
contact of an object with magnetic 
poles; R a and R m are resistances 
(reluctances) of magnetic paths to the 
flow of the magnetic flux through 
the air and metal respectively.

The impurities present in the mate
rial of an object, such as manganese, 
sulfur, phosphorus, and nickel, lower 
the lifting force of an electromagnet.

The formulas for verifying the pos
sibility of holding objects by vacuum 
and magnetic grippers are given in 
Table 4.43.

4.7. DRIVES AND ELEMENTS 
OF AUTOMATION

The choice of the type of drive for 
an industrial robot depends on the 
function the robot has to perform. The 
basic factors determining the choice 
of a drive include the field of applic
ation and service conditions of a robot, 
its load capacity, required dynamic 
characteristics, and the type of control 
system. Every drive of whatever type 
should satisfy the following require
ments: it should have minimum over
all dimensions and improved dynamic 
performance to secure a high ratio of 
the output power to its mass; lend 
itself to automatic control and pro
vide for an optimum pattern of ac
celeration a#d deceleration at the 
shortest trWsient response time; actu
ate mechanisms at high speed and 
high repeatability (low positional er
ror); combine high efficiency with a

low mass of its entire structure; be 
safe in operation due to a short brak
ing time, easy disconnection with 
fast release of the applied load, pro
vision of interlock and retention of 
working mechanisms in fixed positions 
in response to a stop command; have 
a capacity to incorporate cooling and 
heat control systems required to main
tain the desired operating conditions 
of the drive and stabilize its charac
teristics; have high reliability and 
long life of all its components; afford 
ease of its assembly, maintenance, 
repair, and adjustment; and generate 
low noise.

In use are electric, pneumatic, and 
hydraulic drives to power industrial 
robots.

Electric elements of automation and 
electric drives for industrial robots.
Electric devices applied in robotics 
provide for the logic conversion of 
output signals from the control unit 
and signals from the sensors of a robot 
and its associated equipment. They 
also afford the power amplification 
of the control unit’s output signals 
to the level sufficient to run various 
power elements such as magnets and 
starters. The logic and power amplify
ing hardware is, as a rule, housed 
together with a power supply unit in 
the same cabinet. The electric elements 
of automation include various sensors 
such as limit switches and pressure 
switches which secure control over 
certain performance parameters of IRs. 
These sensors generally serve to limit 
the motions of joints of the mechanical 
system, establish the zero positions of 
links in all coordinates, and cyclically 
control the motions of joints such as 
wrist articulations for grasping and 
releasing the workpiece and swiveling 
the gripper. The choice of sensors 
depends on the conditions in which 
they must operate. Static limit swit
ches apply where the switching fre
quency is rather high. Contact limit 
switches serve as automatic circuit 
breakers to limit the motions or act 
as control switches to guide the execu
tion of cycle commands for each degree 
of freedom. Circuit breakers, relays, 
and cutouts guard the apparatus and 
lines against short circuiting and 
overheating. The characteristics of
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*Table 4.44. Technical Characteristics of Limit Switches

Switch Current Rated 
voltage, V

Rated current 
in long-term 
operation, A 
(maximum 

load current, 
mA)

Number of 
switching 

cycles, mil
lions (error, 

mm)

AG (50-60 Hz) 380, 500 4 1 . 6
M n - iio o DC 2 2 0 2.5 1 . 6

AC (50-60 Hz) <  500 6 2.5
BIIK-2000 DC <  2 2 0 4 2.5

EBK-201
DC 24

(83) (± 0 . 1)

BTII-101-24 (180) (±0.025)

Table 4.45. Technical Characteristics of 
Circuit Breakers

Num Rated NumberBreaker ber of 
poles current, A of cycles

AK-63 1-3 0.6-63 25 000
AE-2000 1-3 1 0 - 1 0 0 80 0 0 0

Note. AC voltage is 500 V and dc vol- 
-tage is 220 V.

Table 4.46. Technical Characteristics 
of Thermal Relays

Relay Rated 
current, A

Voltage 
control range, 

V

PTH-10 <  1 0 0.75-1.3
PTIT-25 <  25 0.75-1.3

Table 4.47. Technical Characteristics of 
Magnetic Starters

Starter

HME-100
TIME-200

Maximum power, 
kW, of control
lable AC motor 
(50-60 Hz at 

380 V)

Number of 
cycles 
under 
load*

4
10

1200
600

i

* Switch-on time is equal to 40% of the 
total time of the operation.

various protective devices are given 
in Tables 4.44 through 4.47.

The electric drive consists of power 
amplifiers, controllable actuators, 
transfer mechanisms, feedback sensors 
of speed and position, and compara
tors.

Two varieties of a discrete drive 
have recently received wide recogni
tion: the drive with a control step 
motor and intermediate torque am
plifier which is a hydraulic servo and 
the drive with a power step motor 
coupled to the robot arm through a 
mechanical transmission. Servo drives 
based on dc motors that make the con
trol circuit simple and reliable enjoy 
more and more extensive applications. 
The recently developed printed-cir
cuit and smooth rotor motors feature 
a low moment of inertia and thus af
ford an enhanced speed of response. 
Of considerable promise are quick- 
response high-torque motors using 
high-coercivity permanent magnets 
for excitation, which appreciably raise 
the specific power rating and torque.

The electric drive has a number of 
points in its favor as regards its use 
in the designs of IRs. The drive is 
readily controllable, noiseless, rather 
reliable, has no pipelines, uses light 
power supply lines, and is easy to 
assemble and adjust for the desired 
operations. The limitation to its use 
is a low specific power: for the motor 
to drive the joints of a robot it must
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Table 4.49. Technical Characteristics of 4A Series Induction Motors (USSR)

Motor model

N
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, 

kg
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2
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re

-
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nd

en
t
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ns
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nt

,
m

in

Len
gth

Dia
me
ter

M
as

s, 
kg

mm

4A50A2Y3 0.30 0.09 4.0 0.98 •10-4 60 174 104 3.34A50B2V3 0.40 0 .12 4 .0 1.07 •10-4 60 174 104 3• 34A56A2Y3 0.60 0 .18 4 .0 16.6 •10-4 60 194 120 4 . 54A56B2Y3 0.83 0 25 4.0 18.6 •10-4 100 194 120 4 . 54A63A3Y3 1.23 0.37 3 000 4 .5 30.5 •10-4 100 216 130 6 .34A63B2Y3 1.83 0 . 55 4 . 5 36 •10-4 100 216 130 6.. 34A71A2Y3 2.50 0 .75 5.5 39 • 10-4 100 285 170 15,. 14A71A2Y3 3.66 1.1 5.5 42 •10-4 100 285 170 15,. 14A80A2Y3 5.00 1.5 6,.5 73 •10-4 120 300 186 17 .44A80B2Y3 7.33 2,.2 6.. 5 85 • 10-4 120 320 186 20,.44A90L2Y3 10.00 3..0 6.. 5 1.41 •10-4 120 350 208 28., 7
4Ai00S2y3 13.33 4.,0 7.. 5 2.37 • 10-2 120 365 235 36., 04A100L2Y3 18.33 5..5 7., 5 3 • 10"2 120 395 235 42., 04A50A4Y3 0.40 o. 06 2. 5 1.15 •10-4 40 174 104 3. 34 A50B4Y3 0.60 0. 09 2. 5 1.3 •10-4 40 174 104 3. 34 A56A4Y3 0.80 0. 12 3. 5 28 •10-4 60 194 152 4. 54A56B4Y3 1.20 o. 18 3. 5 31.5 •10-4 60 194 152 4. 54A63A4Y 3 1.67 o. 25 4. 0 49.5 -•10-4 60 216 164 6. 34A63B4Y3 2.47 0. 37 4. 0 55 ■10-4 100 216 164 6. 34A71A4Y3 3.67 o. 55 4. 5 52 •10-4 100 28 5 201 15. 14A71B4Y3 5.00 0. 75 1 500 4. 5 57 •10-4 100 285 201 15. 1.4 A80A4Y3 7.33 1. 1 5. 0 1.29-•10-2 100 300 218 17. 44A80B4Y3 10.00 1. 5 5. 0 1.33- 10-2 120 320 218 20. 44A90L4Y3 14.33 2. 2 6. 0 2.24-•10-2 120 350 243 28. 74A100S4Y3 20.00 3. 0 6. 0 3.47- 10-2 120 365 263 36. 04A100L4Y3 23.33 4. 0 6. 0 4.5- 10-2 120 395 263 42. 04AU2M4Y3 36.67 5. 5 7. 0 7.0'•10-2 120 452 260 56. O'

T a b l e  4 . 5 0 .  Technical Characteristics of HIT Series DC Motors (USSR)
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Dia
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M
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s, 
kg

mm

;in-35 6-10-2 0.025 3000 3.6 0.86-IO- 5 136 35 0.9
;ui-40 9.55-10-2 0.04 3000 4.5 1.9-10-5 145 40 1.1
;ui-5o 14.3-10-2 0.06 3000 5.8 2.5-10-5 167 50 2.0
; in - 6 0 21.6*10-2 0.09 3000 7.5 5.5-10-5 187 60 2.9

Table 4.51. Technical Characteristics of Uny Series Motors (USSR)

Motor model
Nominal 
torque, 
N m

Nominal
power,

kW

Nominal
rotatio

nal
speed,
min-i

Tor
que Moment of 

inertia, 
kg m2

Length Dia
meter

Mass,
over
load mm

kg

; i n y - i 6 o 0 . 5 0 . 1 8 3 0 0 0 5 0 . 1 7 - 1 0 - 3 1 72 130 130
; u i y - 2 oo 1 - 7 . . 0 . 5 5 3 0 0 0 5 0 . 8 1 - 1 0 - 3 1 80 180 180
A n y - 2 4 0 3 . 5 1 . 1 3 0 0 0 5 1 . 3 3  10 - 3 1 70 2 3 0 2 3 0
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T a b l e  4 . 5 2 .  Technical Characteristics of £K-J Series DC Motors (USSR)

Motor model
Nominal 
torque, 

N m
Nominal
power,

kW
Torque

overload
Moment of 

inertia, 
kg m2

Length Dia
meter

Mass,
kg

mm

AK1-1.7 1.7 0.17 4.1 1.1-10-3 375 165 12.7
£  K l-2 .3 2 .3 0.23 4.1 1.55-10-3 408 165 15.5
tfK l-3 .5 3.5 0.35 5.2 1.95.10-3 441 165 18.2
.HK1-5.2 5.2 0.5 6 2.0-10-3 507 165 23.7

N o t e .  Nominal angular velocity is 1 000 m in-i.

T a b l e  4 . 5 3 .  Technical Characteristics of £K-2 Series DC Motors (USSR)

Motor model
Nominal 
torque, 

N m
Nominal

power,
kW

Torque
overload

Moment of 
inertia, 
kg m2

Length Dia
meter

Mass,
kg

mm

ZIK2-1.7 1.7 0.17 4.1 0 . 0 0 1 390 123 12.5
AK2 -2 .3 2.3 0.23 4.1 0 . 0 0 1 2 430 128 17
ZIK2-3.5 3.5 0.35 5.2 0 . 0 0 2 470 132 2 1
AK2-5.2 5.2 0.5 6 0.0028 510 143 25

N o t e .  Nominal angular velocity is 1 000 min-i.

T a b l e  4 . 5 4 .  Technical Characteristics of IIEB Series DC Motors (USSR)

Motor model
Nominal 
torque, 

N m
Nominal
power,

kW
Torque

overload
Moment 

of inertia, 
kg m2

Tempera-
ture-

depen-
dent

constant,
min

Length

m

Dia
meter

Lm

Mass,
kg

n B B - 1 0 0 M 7 . 1 6 0 . 7 5 9 0 . 0 1 60 4 7 6 1 9 2 2 9
n B B - 1 0 0 L 1 0 . 5 1 . 1 9 0 . 0 1 3 7 0 5 3 6 1 9 2 3 5

N o t e .  Nominal angular velocity is 1 000 min-i.

T a b l e  4 . 5 5 .  Technical Characteristics of IIEB-112 Series DC Motors (USSR)

Motor model
Nominal 
torque, 
N m

Nominal
angular

velocity,
min-i

Tor
que

over
load

Moment 
of inertia, 

kg m2

Tempera
ture-de
pendent

constant,
min

Length Dia
meter

Mass,
kg

mm

IIEB-112S 14 750 9 0.035 60 515 2 2 0 45
ITEB-112M 17.5 600 1 0 0.042 70 555 2 2 0 51
IIBB-112Lr 2 1 500 1 0 0.049 80 595 2 2 0 57

N o t e .  Nominal power is 1.1 kW.
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T a b l e  4 . 5 6 .  Technical Characteristics of Series A DC Motors (USSR)

Motor
model

Nominal 
torque, 

N m
Nominal
power,

kW

Nominal
angular
velocity,

min'i

Tor
que

over
load

Moment 
of inertia,

kg m2

Tempera
ture-de
pendent

constant,
min

Len
gth

Dia
meter

Mass,
kg

mm

9 OS-A 1 0 2.5 2500 1 1 . 2 0.008 30 564 168 32
90M-A 13 3-25 2500 1 1 . 2 0.009 30 589 168 36
90L-A 17 4.25 2500 11.3 0.015 40 619 168 38

112S-A 2 1 4.20 2 0 0 0 11.5 0.025 40 610 218 55
U2M-A 28 5.60 2 0 0 0 11.5 0.027 40 645 218 62
112L-A 42 8.40 2 0 0 0 1 1 . 8 0.030 50 732 218 76
160S-A 56 1 1 . 2 0 2 0 0 0 1 1 . 8 0.032 50 751 312 147
160M-A 85 17.00 2 0 0 0 1 1 . 8 0.035 50 821 312 165
160L-A 125 22.50 1800 12.5 0.042 60 885 312 182

T a b l e  4 . 5 7 .  Technical Characteristics of Series 56-80 High-Torque Motors (PPR)

Motor model
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DF4-K-7707 6 . 2 0.75 1 2 0 0 8.5 0 . 0 2 1 40 330 19
DF4-K-7708 6 - 1 1 . 2 0 2 0 0 0 8.5 0.025 40 330 19
DF4-K-7709 6 . 0 1.50 2500 8 .5 0.027 50 330 19
PF4-K-7710 6 . 0 1.80 3000 8.5 0.028 50 330 19
PF4-K-7711 1 2 . 0 1.50 1 2 0 0 9.5 0.032 50 419 27
PF4-K-7712 11.9 2.30 2 0 0 0 9.5 0.034 60 419 27
PF4-K-7713 11.9 3.00 2500 9.5 0.037 60 419 27
PF4-K-7714 11.9 3.50 3000 9.5 0.039 60 419 27
ZF4-K-7715 18.7 2.30 1 2 0 0 9.8 0.042 70 490 38
ZF4-K-7716 18.7 3.60 2 0 0 0 9.8 0.044 70 490 38
ZF4-K-7717 18.7 4.50 2500 9.8 0.046 70 490 38
ZF4-K-7718 19.0 5.70 3000 9.8 0.047 70 490 38
ZN4-K-7719 26.7 3.20 1 2 0 0 10.5 0.049 70 582 48
ZN4-K-7720 26.0 5.20 2 0 0 0 10.5 0.05 80 582 48
Zrj4-£*rl721 26.0 6.50 2500 10.5 0.052 80 582 48
ZN4-K-7722 25.5 7.60 3000 10.5 0.055 80 582 48

13-082
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T a b l e  4 . 5 8 .  Technical Characteristics of CMy Series DC Motors (SRR)

Motor model
Nominal 
torque, 

N m
Nominal

power,
kW

Torque
overload

Temperature-
dependent
constant,

min

Length Dia
meter

Mass,
kg

mm

CMy-180 0.57 180 7.8 40 2 2 0 169 7.5
CMY-370 1.18 370 7.8 40 2 2 0 169 10.5
CMY-7 50 2.38 750 8 . 2 40 177 2 2 0 17
CMY -1200 3.82 1 2 0 0 8.5 60 177 2 2 0 2 0
CMY-1500 4.78 1500 8.7 60 179 282 25.5
CMY-2200 7.00 2 2 0 0 9.5 60 179 282 28.5
CMY-4000 12.70 4000 1 0 . 0 60 228 360 52
CMY - 5000 17.50 5500 11.5 80 228 360 55

Note. Nominal angular velocity is 3 000 min-i.1

Table 4.59. Technical Characteristics of MB Series High-Torque Motors (PRB)

Motor model
Nominal 
torque, 

N m
Nominal
power,

kW

Nominal
angular

velocity,
min- i

Tor
que

Tempera
ture-de
pendent

constant,
min

Length Dia
meter

Mass,
over
load mm

kg

23MB 23 3.45 1500 8.3 30
42CP
35MB 02CP 35 5.25 1500 8.5 30 740 2 2 0 70
47MB 02CP 47 6 . 1 1 1300 9.0 40 740 2 2 0 70
47MB 03CP 47 6 . 1 1 1300 9.5 40 — — _
47MB H3CP 47 7.05 1500 1 0 . 0 40 745 280 1 0 0
70MB 02CP 70 7.0 1 0 0 0 11 40 770 280 1 1 0
100MB 02CP 1 0 0 1 0 . 0 1 0 0 0 1 2 50 770 280 1 1 0
130MB 02CP 130 13.00 1 0 0 0 14 50 840 320 130
170MB 02CP 170 17.0 1 0 0 0 16 60 840 320 130

Table 4.60. Technical Characteristics of TF Series DC Motors (France)

Motor
model

Nomi
nal 
tor
que, 
N m

Nomi
nal

power,
kW

Nominal
angular

velocity,
min~i

Tor
que

over
load

Moment 
of iner

tia, 
kg m2

Tempera
ture-de
pendent

constant,
min

Length Dia
meter

Mass,
kg

mm

7 5F2B 3.5 1 . 0 1 2900 1 0 . 0 3.2 53 324 134 16.0
75F2C 3.5 0.80 2300 1 0 . 0 3.2 53 324 134 16.0
75F2D 3.5 0.56 1600 1 0 . 0 3.2 53 324 134 16.0
T5F3B 5.0 1.37 2700 9.7 4 .6 62 354 134 19.0
T5F3C 5.0 1 . 0 0 2 0 0 0 9.7 4.6 62 354 134 19.0
T5F3D 5.0 0.80 1600 9.7 4 . 6 62 354 134 19.0
T6F2B 8 . 0 2 . 0 0 2550 9.9 1 1 . 0 77 375 162 25.0
T6F2C 8 . 0 1.44 1800 9.9 1 1 . 0 77 375 162 25.0
T6F2D 8 . 0 1 . 1 2 1400 9.9 1 1 . 0 77 375 162 25.0
T6F3B 1 2 . 0 3.34 2700 8.9 14.5 93 420 162 30.0
T6F3C 1 2 . 0 2.46 2050 8.9 14.5 93 420 162 30.0
T6F3D 1 2 . 0 1 . 6 8 1400 8.9 14.5 93 420 162 30.0
T6F4B 1 5 . 0 3.07 2050 9.7 18.0 107 469 162 36.0
T6F4C 15.0 2.32 1550 9.7 18.0 107 469 162 36.0
T6F4D 15.0 1.80 1 2 0 0 9.7 18.0 107 469 162 36.0
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T a b l e  4 . 6 1 .  Technical Characteristics of Series 444 DC Motors (FRG)

Motor
model

Nominal 
torque, 

N m
Nominal
power,

kW

Nominal
angular

velocity,
min~i

Moment 
of inertia, 

kg m̂

Tempera
ture-de-
pendent

constant,
min

Length,
mm

Mass,
kg

444.1.12 1.96 0.13 1 2 0 0 0.0026 50 326.5 10.5
444.1.20 1.96 0.39 2 0 0 0 0.0026 50 326.5 10.5
444.1.30 2 . 2 0 . 6 6 3000 0.0026 50 326.5 10.5
444.2.12 4.12 0.49 1 2 0 0 0.0043 60 381.5 14
444.2.20 3.65 0.73 2 0 0 0 0.0043 60 381.5 14
444.2.30 3.36 1 . 0 0 3000 0.0043 60 381.5 14
444.3.12 7.0 0.84 1 2 0 0 0.0048 70 461.5 19
444.3.20 7.0 1.4 2 0 0 0 0.0048 70 461.5 19
444.3.30 6 . 8 2.04 3000 0.0048 70 461.5 19

Note. Diameter is 113 mm.

Table 4.62. Technical Characteristics of Series 147 DC Motors (Italy)

Motor
model

Nominal 
torque, 

N m
Nominal
power,

kW

Nominal
angular

velocity,
min~i

Tor
que

over
load

Moment 
of inertia, 

kg m2

Tempera
ture-de
pendent

constant,
min

Len
gth,
mm

Mass,
kg

147.01 8.4 5.4 1 2 0 0 7.0 0.01177 70 420 25
147.02 7.9 4.8 2 0 0 0 7.0 0.01177 70 420 25
147.03 7.9 5.2 2500 7.3 0.01177 70 420 25
147.04 7.8 6 . 2 3000 7.1 0.01177 70 420 25
147.05 14.9 9.0 1 2 0 0 7.5 0.02148 90 490 33
147.08 14.5 1 2 . 1 3000 8 . 0 0.02148 90 490 33
147.09 19.3 1 1 . 2 1 2 0 0 8.7 0.0317 1 1 0 560 41
147.10 19.3 12.9 2 0 0 0 8.3 0.0317 1 1 0 560 41
147.11 17.1 14.9 2500 9.3 0.0317 1 1 0 560 41
147.12 16.2 19.5 3000 10.3 0.0317 1 1 0 560 41
147.13 25.2 14.1 1 2 0 0 9.0 0.0440 1 2 0 630 49
147.14 23.5 18.6 2 0 0 0 9.4 0.0440 1 2 0 630 49
147.15 2 1 . 6 21.4 2500 1 0 . 2 0.0440 1 2 0 630 49

Note. Diameter is 192 mm.

Table 4.68. Technical Characteristics of A Series DC Motors (USA)

Motor
model

Nominal 
torque, 

N m
Nominal
power,

kW

Nominal
angular

velocity,
min~i

Tor
que

over
load

Tempera-
ture-de-
pendent

constant,
min

Length Diameter
Mass,

kg
mm

A75 6 . 8 1 . 0 1 1456 1 1 . 2 40.0 278.6 184.15 20.4
A100 8.4 0.79 936 1 1 . 1 40.0 278.6 184.15 20.4
A115 9.8 1.74 1621 14.5 60.0 350.04 184.15 27.2
A125 1 0 . 0 1.59 1408 13.0 60.0 350.04 184.15 27.2
A150 1 0 . 0 1.09 955 17.0 60.0 350.04 184.15 27.2
A175 ,41 .1 2.46 1190 17.7 75.0 421.48 184.15 38.5
A 185* ^ <1 2 . 2 2.03 1342 16.4 75.0 421.48 184.15 38.5
A200 14.0 1.30 850 19.0 75.0 421.48 184.15 38.5
A250 26 2 . 6 8 1 0 0 0 25.2 130.0 5300 254.00 88.4
A300 46 4.20 981 23.0 130.0 651.0 254.00 112.5

13*
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Table 4.64. Technical Characteristics of DC Motors (Japan)

Motor
model

Nominal 
torque, 

N m
Nominal

power,
kW

Nominal
anqular

velocity,
min-i

Torque
overload

Tempera
ture-de
pendent

constant,
min

Len
gth

Dia
meter

Mass,
kg

mm

0 0 1 0.15 2 0 0 0 4.0 15 150 8 6 2.7
0 2 . 8 0.4 2 0 0 0 8.5 50 262 127 1 2
5 5-5 0 . 8 2 0 0 0 8.7 55 327 127 16
10 1 2 . 0 1 . 1 1500 9.7 1 0 0 349 172 25
10H 2 0 . 0 1.5 1500 5.8 35 435 172 30
2 0 23.0 1 . 8 1500 10.7 105 435 172 36
20H 40.0 3.1 1500 6 . 1 35 553 172 45
30 38.5 2 . 8 1 0 0 0 9.6 1 1 0 522 172 46
30H 60.0 4.6 1 0 0 0 6 . 1 40 640 172 55
40 33.0 5 2 0 0 0 5.0 150 501 250 90
50 67.0 10 2 0 0 0 5.0 150 635 250 125
B0 1 0 0 15 2 0 0 0 5.0 150 735 250 160
BOH 150 2 2 2 0 0 0 3.3 40 945 250 180

have a specific power of 150 W/kg. 
Modem dc motors with permanent- 
magnet excitation have performance 
characteristics that most fully answer 
the needs.

Induction motors have not yet 
found wide use in robotic drives 
because of the complexity and high 
cost of electronic converters which 
control the rotational speed.

Table 4.48 gives the technical cha
racteristics of electronic converters 
intended to control the rotational 
speed of electric motors. Tables 4.49 
through 4.64 present the main technic
al characteristics of electric motors 
that enter the actuation systems of 
industrial robots.

Hydraulic drive and apparatus. Hy
draulic drive enjoys wide uses in 
IRs handling a wide range of loads 
(above 10 kg) on account of its high 
energy capacity, quick response, low 
time lag, rather high stability of 
static load characteristics due to low 
power fluid compressibility, ease of 
automatic control and simple adjust
ment of articulation speeds, simple 
•design, adequate reliability, and low 
cost. Hydraulic drives present draw
backs in that they may progressively 
develop leaks and need power fluid 
•cooling setups.

The hydraulic drives of limited 
(fixed) sequence robots employ the 
following basic types of actuation 
^mechanisms in combination with va

rious types of gearing and transfer 
mechanism: linear piston actuators 
(hydraulic cylinders) with a reciproc
ating motion of the rod, rotary vane 
motors with a limited angle of rota
tion of the output shaft, and hydraulic 
motors.

Tables 4.65 through 4.69 list the 
technical data on hydraulic actuators 
and complete electrohydraulic drives 
manufactured in the USSR and other 
countries. Tables 4.70 through 4.77 
give the technical data on hydraulic 
drives developed in the USSR.

Hydraulic actuators of the IfPr 
series and rotary motors of the 
f ln r  series ensure the control of the 
braking distance at the end of the 
working stroke. The working fluid is 
mineral oil of 12 to 250 mm2/s viscosi
ty. The temperature of oils ranges 
from 0 to 60°G.

Hydraulic drives employ throttle 
valves to control the speed of hydraulic 
actuators. Pilot controlled check val
ves and electrically or hydraulically 
operated shut-off valves serve to close 
the cavities after cutting off the 
hydraulic system.

In point-to-point and continuous* 
path robots with NC systems two 
versions of actuation systems have 
found application: electrohydraulic 
servo mechanisms with linear hydrau
lic actuators (the n9rC type drives) 
and rotary motors (the Cn type limited 
rotary hydraulic drives) operating on
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Table 4.65. Technical Characteristics of Hydraulic Actuators

Characteristic USSR
Parker

Hannifin
(USA)

Rexroth Bosch

(FRG)

Series DPr 3L, 2H CD70, 210 HY/C
Piston diameter, mm 40, 50, 56 25 .4-63 .5 25-63 32-63
Rod diameter, mm 28, 32, 40 12.7-44.5 12-45 18-40
Stroke, mm 250-800 On order On order On order
Maximum speed, m/s 1.5 1.5 0.5 0.5
Maximum pressure, MPa 16 7, 21 7, 21 16

Table 4.66. Technical Characteristics of Hydraulic Motors

Characteristic USSR
Sperry-
Vlckers
(USA)

Rexroth Langen

(FRG)

Series ri5-2 . H MFB, M A1F, MF2G2 HMF
Displacement volume, cm3 10-160 11-230 3.0-250 9-120
Rotational speed, rpm 1.2-400 50-3600 25-5000 1 - 2 0 0 0
Maximum pressure, MPa 12.5 7-21 12.5-32 5.5-16
Maximum torque, N m 19-270 21-670 5-620 6.35-125.6
Mass, kg 4.5-40 9.5-73 3-125 7-34.5

Table 4.67. Technical Characteristics of Complete Electrohydraulic Linear Drives

Characteristic USSR SIG
(Switzerland)

Rexroth
Hart

mann + 
+ Lam- 

mle

(FRG)

Series r o r c T28-2 LVSG TC SV1
Positional accuracy, mm ± 0 . 6 - 1 .5 ± 0 . 1 0 .1 -0 .25 o © 0 . 0 1
Maximum rod stroke speed,
m/s 0 .45-0 .9 0 .4 -0 .8 0 .22 -1 .5 0 . 1 - 0 . 2 0 . 1
Stroke, mm 500-1000 220-710 100-800 up to 500 up to 500
Maximum pressure, MPa 12.5-16 6.3 15 7.0 15
Control unit

_ V
EMC SM or DCM SM or DCM SM or DCM SMor DCM

Note. EMC, electromagnetic converter; SM, electric step motor; DCM, dc motor.
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Table 4 . 68 .  Technical Characteristics of Complete Electrohydraulic Rotary Drives

Characteristic USSR
Hartmann 
+ Lammle 

SVR 
(FRG)

Fujitsu
Ltd.

(Japan)
Ratjer-
Forest

(France)
Moog
(USA)

Series 332 r - 1 8 - 2 SVR SSSS Numadyne 40. . .M
Maximum speed, rpm 1 0 0 0 - 2 0 0 0 1500 3200 500 600-2500
Maximum torque, N m 11-92 up to 549 3.6-45 1 0 0 - 2 0 0 4-360
Displacement volume, cm3, 
per revolution 20-160 25-250 5.6-75 80-160 1.9-280
Maximum pressure, MPa 6.3 15 7.0 1 0 . 0 9-14
Mass, kg 15.5-57 — 7-32 28-49 —

Control unit SM or DCM SM or DCM SM EMC EMC

Table 4.69. Technical Characteristics of Hydraulic Rotary Motors and Complete 
Electrohydraulic Rotary Drives

Characteristic USSR
Kuroda Preci
sion Ind. Ltd. 

(Japan)

Series c n A nr PP
Maximum rotation angle, deg 270 270 1 0 0 , 280
Nominal torque, N m 500-6300 160-6300 20-750
Nominal pressure, MPa 6.3-16 16 2 . 0
Mass, kg 56-133 3.5-100 0 .9-16 .7
Control unit EMC — —

the closed-loop basis; electrohydraulic 
rotary step drives and linear step 
drives of the T28-2 type. Electro
hydraulic servo systems of the n3rC  
and CI1 types are complete with 
V d V -S  or Y3r-85 electrohydraulic 
amplifiers and built-in feedback sen
sors of position. They use mineral 
oil of a viscosity not over 40 mm2/s 
at 10 to 60°C.

Electrohydraulic step drives operate 
on the open-loop control principle. 
Since the feedback link is absent, 
there is a risk of losing the infor
mation on the position of the end 
effector. Therefore, when using these 
drives it is necessary to equip the 
robot joints with additional position 
sensors. Linear electrohydraulic drives 
of the T28-2 type can be complete 
with the sensors of position for the 
piston rod. Electrohydraulic rotary 
step drives-*of the 332 H8-2 type 
serve to generate large motions of 
robot arms (above 2 or 3 ml in con

junction with a crossed-axis helical 
gearing or rack-and-pinion transmis
sion.

Hydraulic drives use a wide range 
of distribution and control equipment. 
Small-size units with a nominal bore 
down to 6 mm are most extensively 
used. Hydraulic systems of IRs are 
driven off pump units with a con
tinuous or step-varying supply of the 
working fluid. Air-hydraulic accu
mulators with an elastic divider and 
piston-type accumulators have gained 
wide acceptance. In cycle control 
robots, the filtration fineness of the 
working fluid commonly reaches 
25 |im; in robots that use complete 
electrohydraulic drives, the fineness 
is 10 \im. There are special product 
guides that contain all necessary in
formation on the hydraulic equipment 
applied in robotics.

Pneumatic drive has found 
extensive applications in simple de
signs of robots handling up to 20 kg.
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Table 4.70. Technical C haracteristics of the IJPr Type H ydraulic Cylinders 
to Generate L inear Motions

Cylinder size

Characteristic
50X40 56X40 56X40 40X32 40X32 223X40 40x28

500 630 800 250 500 630 800

Nominal pressure, MPa 16 16 16 16 16 16 16
Cylinder dimensions, mm:

piston diameter 50 56 56 40 40 40 40

rod diameter 40 40 40 32 32 28 28

piston stroke 500 630 800 250 500 630 800
Nominal piston speed, m/s 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Total efficiency, % 95 95 95 95 95 95 95
Dimensions, mm

Bi 30 30 30 25 25 25 25
B3 30 30 30 25 25 25 25

Dl 85 90 90 63.5 63.5 63.5 63.5

di 2 0 25 25 16 16 16 16
d2 2 0 25 25 16 16 16 16

d3 M24X 
X1 • 5

M24X 
X1 • 5

M24X 
X I .5

M24X 
X1 • 5

M24X 
X1 .5

M24X 
X l . 5

M24X 
X 1.5

L 8 8 8 1034 1204 597 847 977 1147
H 1 2 0 125 125 98.5 98.5 98.5 98.5

Note. The main purpose is to generate linear motions.
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T a b l e  4 . 7 1 .  Technical Characteristics of Rotary Hydraulic Motors

Characteristic tfIir-1 6 tfnr-63

Pressure. MPa:
nominal 16 16
no-load starf-up 0.03 0.03

Maximum output shaft rotation angle, deg 270 270
Displacement volume per maximum rotation angle, cm3 50 160
Maximum angular speed of output shaft, °/s 180 180
Nominal torque, N m 160 630
Injection rate at maximum angular speed, 1/min 2.0 6.4
Mass, kg 3.5 12. 0
Dimensions, mm:

D 104 146
R 30 40
L 150 205
I 53 72

h 47 52

h 35 24

h 24 20
z x d x D s 6X23X28 10X32X40

Note. The main purpose is to generate rotary motions within the maximum shaft rota-
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T a b l e  4 . 7 2 .  Technical Characteristics of Rotary Hydraulic Motors

Characteristic JUir-125 f ln r - 2 0 0 jm r-4oo OTr-630

Pressure, MPa
nominal 16 16 16 16
no-load start-up 0.04 0.04 0.05 0.05

Maximum output shaft ro
tation angle, deg 270 270 270 270

Displacement volume per 
maximum rotation angle, 
cm^ 400 630 1250 1800

Maximum angular speed of 
output shaft, °/s 180 180 180 180

Nominal torque, N m 1250 2 0 0 0 4000 6300
Injection rate at maximum 

angular speed, 1/min 16.0 25.2 50.0 72.0
Mass, kg 35.0 40.0 90.0 100.0
Dimensions, mm:

B 194 194 265 265
D 2 0 0 2 0 0 270 270
L 285 330 365 430
I 1 2 0 136 148 175
h 95 1 1 2 118 146
12 78 95 97 125
h 24 24 30 30
zX d x D s 8X52X60 8x52x60 10x72x82 10x72x82

Note. See note to Table 4 .71 .
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Tabl e  4 . 73 .  Technical Characteristics of Hydraulic Motors

Characteristic n  5-21H r i  5-22H T15-23H r i  5-24H T15-25H

Pressure, MPa 
nominal inlet 6.3 6.3 6.3 6.3 6.3
maximum inlet 12.5 12.5 12.5 12.5 12.5
nominal outlet 6.3 6.3 6.3 6.3 6.3
maximum outlet 0.08 0.08 0.08 0 . 1 0.15

Nominal torque, N m 9.6 17.0 34.0 6 8 . 0 136.0
Starting torque, N m 8 . 6 15.4 31.0 61.0 1 2 2 . 0

Angular velocity, s” 1

nominal 16 16 16 16 16
maximum 40 35 30 25 2 1 . 6

minimum 0.27-1 .33 0 CO 1 o 0.07-0 .66 0 .03-0 .66 0 . 0 2 - 0 . 6 6

Nominal injection rate, 1/min 1 1 . 2 2 0 . 0 40.0 80.0 160.0
Mass, kg 4.5 7.0 1 2 . 0 2 0 . 0 40.0
Dimensions, mm

D 70 80 1 0 0 1 2 0 140
d 14 15 2 2 32 42
d 7 9 11 13 13
a 64 72 92 108 138
B 80 92 n o 132 162
b 5 6 6 1 0 1 2

L 168 2 0 2 248 308 402
I 2 0 25 30 42 58
h 131 156 194 253 316
h 16 20.5 20.5 33.0 45.0

Note. The ya in  purpose is to drive mechanisms of machine tools and robots.
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T a b l e  4 . 7 4 .  Technical Characteristics of Linear Hydraulic Drives

Characteristic
a
u
fe
G

CO

CJtn
CD

1=1

001UC-.
CD

g

CM
00

St
CD

G

001UU
CD

G

Oi

tG
o>1U(h
CD

G

Injection pressure, MPa:
nominal 12.5 16.0 160 125 125 160 160
minimum 1 0 . 0 12.5 125 1 0 0 1 0 0 125 125

Nominal injection rate, 1/min 40 40 40 2 0 2 0 40 40
Working injection rate, m/s 0 .3 - 0 . 2 - 0.06- 0.06- 0 .06- 0 .15- 0 .15-

0 . 8 8 0 . 6 0.45 0.45 0.45 0.45 0.45
Positional accuracy, mm ± 1 .5 ± 0 .75 ± 0 .75 ± 0 . 6 ± 0 . 6 ± 1 .5 ± 0 .75
Load, N 2 0 0 0 3000 3000 3000 3000 3000 3000
Transient period, not over, s 0 . 1 0.15 0 . 2 0 . 2 0 . 2 0 . 2 0 . 2

Nominal control coil current,
mA 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0

Control coil resistance, Q 80 80 80 80 80 80 80
Mass, kg 23 21.3 28.4 24.5 24.5 29.1 31
Dimensions, mm:

L 1 1 0 2 988 1123 821 591 1293 1493
Li 838 722 857 727 497 1027 1227
l 2 690 560 695 565 335 865 1065
H 235 235 235 324 324 235 235
d 1 2 15 15 15 15 15 15
R 18.5 2 1 2 1 2 1 2 1 2 1 2 1

Notes. 1. Tttfr iftain purpose is to generate reciprocating motions in response to electric 
signals from the reference-input unit.

2. Drives have built-in feedback sensors of position.



204 CH. 4. INDUSTRIAL ROBOT DESIGNS

T a b l e  4 . 7 5 .  Technical Characteristics of Rotary Hydraulic Drives

D rain , 1/4 " In le t, 1/4

Characteristic c m CII2 CII3 CII4 CII5

Injection pressure, MPa:
nominal 63 125 125 160 160
minimum 50 1 0 0 1 0 0 125 125

Maximum reactive torque at
drive attachment points, N m 500 1 0 0 0 1550 4000 6300

Maximum angular speed, °/s 1 2 0 1 2 0 1 0 0 1 0 0 80
Maximum output shaft rotation

angle, deg 270 270 270 270 270
Maximum injection rate, 1/min 15 15 17 35 40
Maximum positional error, deg ±0.83 ±0.13 ±0.165 ± 0 . 2 ±0.33
Nominal control current, mA 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0

Control coil resistance, Q 80 80 80 80 80
Mass, kg 50 56 63 1 1 2 133
Dimensions, mm:

D 2 0 0 2 0 0 2 0 0 270 270
Di 140 140 140 2 0 0 2 0 0

L i 475 475 520 555 620
L% 293 293 293 342 342
h 95 95 1 1 2 118 146
I t 118 118 136 148 175
z X d x D 8X52X60 8X52X60 8x52x60 10X72x82 10x72x82

Notes. 1. The main purpose is to exert rotary motions in response to electric signals 
from the reference-input unit 

2 «C)rives have built-in feedback sensors of position.
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T a b l e  4 . 7 6 .  Technical Characteristics of Rotary Step Drives

2T18-2 Inlet,TJ drain,!) . UJA-5A1M

Characteristic 332 T18-22 332 T18-23 332 T18-24 332 T18-25

Nominal pressure, MPa 6.3 6.3 6.3 6.3
Displacement volume, 

cm3/rev 2 0 40 80 160
Maximum speed, rpm 2 0 0 0 2 0 0 0 1 0 0 0 1 0 0 0
Maximum pulse frequency,

Hz 8000 8000 4000 4000
Angular discrete value, deg 1.5 1.5 1.5 1.5
Output shaft torque, N m 11 2 2 46 92
Maximum power delivered, 

kW 2 . 2 4.4 4.6 9.2
Injection rate at maximum 

angular speed, 1/min 40 80 80 160
Mass, kg 
Dimensions, mm

15.5 2 2 34.3 57

A 72 92 108 138
B 92 1 1 0 132 152
b 6(4) 6(4) 1 0 (6 ) 1 2  (1 0 )
d 18 2 2 32 42
di 80 1 0 0 1 2 0 140
d2 9 11 13 13
<*3 M6 (M5) M6 M10 M10 (M12)
I 25 (28) 30 (36) 42 (58) 58 (82)
l i 46 (49) 54 (60) 70 (8 6 ) 8 6 ( 1 1 0 )
L 518 555 614 691
H 1 1 2 130 630 715
h 2 0  (18.8) 24.5 (26.6) 3 5 (33) 45 (42.5)

Notes. 1. The values in brackets are the dimensions of drives of the types 332 T18-22K, 
332/T18-23K, 332 T18-24, and 332 T18-25K with a conical neck of the out- 
ffctt'Shaft.

2. The main purpose is to drive mechanisms of machine tools and robots in 
response to electric signals coming from the reference-input unit to the 
IHS5-A1M type control step motor.
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T a b l e  4 . 7 7 .  Technical Characteristics of Linear Step Drives

Model on feet

Characteristic 50x25
T28-22

63X32
T28-23

70x32
T28-24

Nominal pressure, MPa 6.3 6.3 6.3
Maximum stroke, mm 710 710 710
Nominal tractive force, N 7000 1 0  0 0 0 14 000
Motion per pulse, mm 0 . 1 0.05, 0.1 0.05, 0.1
Positional accuracy, mm ± 0 . 1 ± 0 . 1 ± 0 . 1

Master step motor used R W -fllM m a5-fliM m jl5-fliM
Maximum frequency, Hz 8000 8000, 4000 8000, 4000
Mass at maximum stroke, kg 30.0 36.2 50.0
Dimensions, mm

D 80 90 90

d2 M10 M10 M12

B 1 2 0 130 140

L 995 995 995

I 40 40 40

h 174 174 172

Hm in 2 1 2 218 227

<*3 11 11 13

Notes. 1. Strokes are 220, 320, 400, 500, 630, and 710 mm.
2. The main purpose is to perform linear motions in response to electric signals 

routed from the reference-input unit to the control step motor. Drives can 
carry rod position sensors.
i
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Table 4.78. Technical Characteristics of 
TA Series Hydraulic Shock Absorbers

*4o
Energy ta- fH
ken up per A

Type

cycle, J B e
Ss oaaD 1 !&2

CO

5 bfi
a a a oo GO m£ 3 o a c§
a a s s &<a s

TA4-1 40 1 0 30 16 0.545
TA4-2 0.606
TA6.3-1 63 2 0 30 16 0.618
TA6.3-2 0.708
TA10-1 1 0 0 30 25 2 0 0.840
TA10-2 0.930
TA20-1 2 0 0 1 0 0 25 2 0 0.955
FA20-2 1.105
TA32-1 
T A3 2-2 320 160 25 2 0 1.113

1.323
TA63-1
TA63-2 630 320 25 32 1.622

1.852
TA100-1
TA100-2 1 0 0 0 500 2 0 32 1.998

2.338
TA160-1
TA160-2 1600 800 15 32 2.632

3.132

The features that make this drive a 
popular tool are: a quick response 
associated with a high speed of action 
of pneumatic actuators; relatively 
simple design as regards both linear 
and rotary drive types that can 
generate required motions without 
complex mechanical transmissions; 
possibility of a comparatively easy 
arrangement of pneumatically driven 
robots on the modular principle with 
a variety of layouts of mechanical 
systems; and reliability in operation 
over a wide temperature range. Besi
des, pneumatic systems are easy to 
operate, fire- and explosion-proof, 
vibration-resistant, cheaper than other 
drive types, can employ simple over
load protection devices and fluidic 
controls operating on the same energy 
carrier. The disadvantages are a low 
specific power due to a reduced working 
pressure (no higher than 0.6 MPa) 
and inadequate stiffness on account 
of air compressibility. The low stiff
ness of the drive along with the open- 
loop, control system presents difficul- 
iies in settkig-up and programming. 
Tin* above drawback necessitates the 
use of hydraulic shock absorbers, for 
it is difficult to cushion the impact

Table 4.79. Technical Characteristics of 
Hydraulic Shock Absorbers of Forkardt 
(FRG)

Type

Energy spent per 
cycle, J Piston

diame
ter,
mmmini

mum maximum

SDN 7-5 0.4 5 7
SDN7-15 1.5 2 0 7
SDN7-25 2 .5 38 7
SDN8-25 3 50 8
SDN 14-2 5 15 150 14
SDN14-50 30 300 14
SDN24-25 40 450 24
SDN24-50 80 900 24
SDN24-80 130 1 440 24
SDN24-120 2 0 0 2 150 24
SDN35-50 180 1 900 35
SDN35-100 360 3 800 35
SDN35-150 540 5 700 35
SDN35-200 720 7 600 35
SDN 4 5-7 5 450 4 750 45
SDN45-100 600 6 350 45
SDN 4 5-150 950 9 500 45
SDN 4 5-2 00 1 2 0 0 12 700 45
SDN60-76 800 8  450 60
SDN60-100 1 050 11 300 60
SDN60-150 1 600 16 900 60
SDN60-200 2  1 0 0 2 2  600 60
SDN80-100 1 900 2 0  0 0 0 80
SDN80-150 2 850 30 0 0 0 8 0
SDN80-250 4 750 50 000 80
SDN80-350 6 650 70 000 80
SDN100-125 3 800 39 250 1 0 0
SDN100-250 7 600 78 500 1 0 0
SDN100-375 11 400 117 750 1 0 0
SDN100-500 15 200 157 000 1 0 0
SDN 12 5-12 5 6  0 0 0 61 350 125
SDN125-250 1 2  0 0 0 122 700 125
SDN125-375 18 0 0 0 184 0 0 0 125
SDN125-500 24 000 245 400 125
SDN125-750 36 000 368 0 0 0 125

of the moving mass as the pneumatic 
cylinder approaches the fixed stop 
by use of purely pneumatic means. 
Tables 4.78 through 4.81 present the 
technical characteristics of hydraulic 
shock absorbers produced in the USSR, 
Austria, and FRG.
Table 4.80. Technical Characteristics o f  
Hydraulic Shock Absorbers of Festo 
(Austria)

Maximum Piston
diameter,Type energy 

spent per
Mass,

kg
cycle, J mm

YS-16-25 50 16 0 . 8
YS-25-40 1 0 0 25 1.4
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T a b l e  4 . 8 1 .  Basic Dimensions of Hydraulic Shock Absorbers

Country-
manufacturer Type

Cylinder
diameter,

mm
Stroke,

mm
A

Dim

B

tensions,

C

, m m  

H dl

TA4-1 16 2 0 129 44 28 34 16
TA4-2 16 2 0 129 44 28 34 16
TA6.3-1 16 32 153 44 28 34 16
TA6.3-2 16 32 153 44 28 34 16
TA10-1 2 0 25 146 49 36 42 2 0
TA1 0 - 2 2 0 25 146 49 36 42 2 0
TA20-1 2 0 50 196 49 36 42 2 0
TA20-2 2 0 50 196 49 36 42 2 0USSR TA32-1 2 0 80 256 49 36 42 2 0
TA32-2 2 0 80 256 49 36 42 2 0
TA63-1 32 63 240 54 48 54 32
TA63-2 32 63 240 54 48 54 32
TAlOO-l 32 1 0 0 314 54 48 54 32
TA1 0 0 - 2 32 1 0 0 314 54 48 54 32
TA160-1 32 160 434 54 48 54 32
TA160-2 32 160 434 54 48 54 32

SDN 14-2 5 14 25 1 2 2 78 45 45 2 0
SDN14-50 14 50 185 103

SDN 2 4-2 5 24 25 144 103
SDN24-50 24 50 205 128
SDN24-80 24 80 275 158
SDN24-120 24 1 2 0 369 198 70 70 30

SDN35-50 35 50 238 159
SDN3 5-100 35 1 0 0 356 209
SDN35-150 35 150 493 259 1 0 0 1 0 0 40
SDN35-200 35 2 0 0 — 309

FRG (For-
kardt) SDN45-75 45 75 320 2 1 0

SDN45-100 45 1 0 0 382 235
SDN45-150 45 150 498 285 115 115 52
SDN4 5-200 45 2 0 0 — 335

SDN60-75 60 75 369 243
SDN60-100 60 1 0 0 442 268
SDN60-150 60 150 575 318 160 160 67
SDN60-200 60 2 0 0 — 368

j SDN80-100 80 1 0 0 457 302
SDN80-150 80 150 595 352
SDN80-250 80 250 — 452 2 1 0 2 1 0 87
SDN80-350 80 350 552
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Table 4.81. (continued)

Country-
manufacturer Type

Cylinder
diameter,

mm
Stroke,

mm,
Dimensions,, mm

A B C H di

SDN100-125. 100 125 639 410
SDN 10 0-2 50 100 250 932 53 5
SDN100-375 100 375 — 660 250 250 112
SDN100-500 100 . 500 —1 785

FRG (For-
kardt) SDN125-125 125 125 670 451

SDN125-250 125 250 1018 576
SDN 12 5-3 7 5 125 375 — 701 300 300 140
SDN125-500 125 500 — 826
SDN125-750 125 750 1076

Austria YS-16-25 16 25 152 120 32 32 10
(Festo) YS-25-40 25 40 229 175 36 36 20

Table 4.82. Basic Dimensions of IlflJI Rotary Air Actuators

/  II

Type
Number of 

holes, 
n X D2 X h

Dimensions, mm

single-vane double-vane D Di z X d X Ds 
I A F C D4

imJIO. 5-1-00-01 4XM6X9 75 25 D6X llX  14H7 63 9 2 4525

m u n -i-o o -o i 4XM6X9 75 25 D6X llX  14H7 84 9 2 4525

n,n;ji2 -i-o o -o i n j ! J I 2 - 2 - 0 0 - 0 1 6XM8X12 106 30 D6X16X20H7 90 11 2 7045

riflji3.2*.i‘s«)(&)i nji;ji3.3 - 2 - 0 0 - 0 1 6XM8 X 12 106 30 D6X16X20H7
1 1 0 11 2

45

IIXUI6.3-1-00-01 nflJI6.3-2-00-01 6X Ml OX 12 138 45 D6X23X28H7
1 2 2 17 4 8060

1 4 - 0 8 2
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Table 4.82. (continued>

Type
Number of

Dimensions, mm

single-vane double-vane
holes, 

n x D 2  X h
D Di z X d X D 3 

I A F C D*

n f l J i 8 - i - o o - o i I I E J I 8 - 2 - 0 0 - 0 1 6xM10x 15 1 3 8 4 5
D6x23x28H7

1 3 6 17 4 8 9
6 0

i O T i i o - i - o o - o i n f l J I l O - 2 - O O - O l 6 X M 1 0 X 1 5 1 3 8 4 5
D 6 X 3 2 X  2 8 H 7

1 5 4 17 4 8 0
6 0

n , n ; j i i 6 - i - o o - o i n f l J I 1 6 - 2 - 0 0 - 0 1 6 X M 1 2 X 2 4 1 9 0 70 D 1 0 X  3 2 X 4 0 H 7
1 5 0 17 5 120

8 5

n f l J I 2 5 - l - 0 0 - 0 1 i m . 1 1 2 5 - 2 - 0 0 - 0 1 6 X M 1 2 X 2 4 1 9 0 70 D 1 0 X 3 2 X 4 0 H 7
1 8 6 17 5 12085

n j u n o - i - o o - o i n f l J I 4 0 - 2 - 0 0 - 0 1 8 X M 1 2 X 2 4 2 3 5 100 D 1 0 X 4 6 X 4 0 H 7
2 0 5 21 q 1 6 0

1 0 5
o

Note. n flJ IO -5  and n ^ J I l  actuators come in design variant I ,  and the rest in variant

Table 4.83. Technical Characteristics of lERJI Rotary Air Actuators

Type
Nominal 

output shaft 
torque, N m

Output shaft 
rotation angle, 

deg
Pressure on 
idle stroke, 

MPa

Displacement 
volume at 

full rotation 
angle, dm3

Mass,
kg

n,u;ji-o.5 5 0.03 0.92
n z u i- i 10 0.05 0.06 1 . 0
n ^ J i2 -i 20 270 0.125 1.9
nAJi2-2 40 0.04 0 . 1 2 . 1
n ^ j i3 .2 - i 32 0.2 2.5
IIJ1JI3 • 2-2 63 0.15 2.7
n jy i6 .3 - i 63 0.3 4 .3
nflJI6.3-2 125 0.25 4.7
nja;ji8-i 80 0.03 0.4 5.0
n,n;ji8 - 2 160 280 0.3 5.8
n jo u i io - i 100 (single-vane) 0.5 5.9
n jiJ iio - 2 200 0.4 7.2
n flJ ii6 - i 160 100 0.9 9 .5

(double-vane)
n flj ii6 -2 320 0.7 12.0
IIAJI25-1 250 1.5 14.3
nflJI25-2 500 0 . 0 2 1 . 1 16.0
m u u o - i 400 2.7 23.0
nAJi40-2 800 2.3 27.0

Notes. 1. Nominal air pressure Pnom is 1 MPa.
2. Angular velocity of output shaft is 18 0°/s.
3. The permissible drop of pressure Pnom through seals of movable and statio

nary Joints is no more than 0.02 MPa in 30 s.
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fab le  4.85. Technical Characteristics of n f l n i  and n f ln 2  Rotary Air Actuators

Characteristic

o00
o
o

s
«
G

o00
olT5©
©i
CO
<N
G

G

o o00■HN
COCO coco o o  
00 00 
csiesi
GG

GG

o o00 t- ■HN 
OO OO
tOinNW I Icm ©a
GG
Wtt
GG

Nominal pressure, MPa 1 1 1 1
Torque at nominal pressure, N m 10 32 80 250
Rotation angle, deg 180 180 180; 270 180; 270
Angular velocity, °/s 180 180 90 90
No-load starting pressure, MPa 0.05 0.05 0.05 0.035
Mass, kg 4 6.3 12/14 24/27

Note. The permissible drop of pressure at 1 MPa through seals of mobile and statio
nary Joints with the air supply fully cut off is no more than 0.02 MPa in 5 min.

Table 4.86. Basic Dimensions (mm) of IlflniC and IUXII2C Rotary Air Actuators

Type E E i B B i *2 £ 3 z X d x D

n f l n i C - 2 . 0 4 0 . 1 8 0 1 1 5 5 0 140 55 6 6 1 8 0 6 X 1 6 X 2 0
n O T 2 C - 6 . 3 . 0 5 0 . 1 8 0 130 5 0 1 5 4 70 80 1 9 3 6 X 2 6 X 3 2

n f l n 2 C - 1 6 . 0 6 3 . 1 8 0
n f l n 2 C - 1 6 : 0 6 3 . 2 7 0

1 6 2 85 188 8 0 1 2 4 2 2 4 8 X 4 2 X 4 8

n f ln 2 c-4 0 . 1 0 0 . i 8 0  
n f l H 2 C - 4 0 . 100.270 206 9 5 240 118 1 4 5 270 8x62x72
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Table 4.86 (continued)

Type D1 di ds h L

immc-2.040.180 40 M 1 2 X 1 . 5 7 11 300
n A H 2 C - 6 . 3 . 0 5 0 . 1 8 0 50 M l  2 X 1 .5 9

2 0
12 3 7 0

n f l n 2 C - 1 6 . 0 6 3 . 1 8 0  
n f l n 2 C - 1 6 . 0 6 3 . 2 7 0 63 M 1 2 X 1 . 5 9 13 5 1 8

6 4 2

n f l n 2 c - 4 o . 1 0 0 . 1 8 0  
n f l n 2 C - 4 0 . 1 0 0 . 2 7 0 1 0 0 M 1 6 X 1 . 5 11 24 17 6 3 5

7 9 5

Note. The n flD 2 C  model affords shock absorption at the end of stroke.

Table 4.87 . Technical Characteristics of I l f ln iC  and n fln2C  Rotary Air Actuators

Characteristic

o
0 0

©

©

csi
•

U

E
«

G

o
0 0

©
lAo
CO

CO

6
G
n
G

o©
0 0  t -  

COCO
e o c o
o o

coco*

6 6  
0 3  0 3
GG
GG

o o
0 0

OO
OO

o o

6 6  
0 3  0 3
GG
GG

Nominal pressure, MPa 1 1 1 1

Torque at nominal pressure,
N m 2 0 6 3 1 6 0 4 0 0

Rotation angle, deg 1 8 0 1 8 0 1 8 0 ,  2 7 0 [ 1 8 0 ,  2 7 0
Angular velocity, °/s 1 8 0 1 8 0 9 0 9 0

No-load starting pressure,
MPa 0 . 0 5 0 . 0 5 0 . 0 5 0 . 0 3 5

Mass, kg 7 1 1 . 5 2 0 ,  2 5 ** CO 00

Note. Drop of pressure at 1 MPa through seals of movable and stationary Joints with 
the air supply shut down completely is no more than 0.02 MPa in 5 min.
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Ta b l e  4 . 8 8 .  Basic Dimensions (mm) of Model CT135 Fluidic Limit Switches

Type di dout L Si s9

CT135.000 M8X0.5 3 35 6 12
CT135.000-01 M10X1 3 35 6 14
CT135.000-02 M16X1 4 40 12 22
CT135.000-03 M24X1 6 53 19 32

Note. Designations dout, pln, and pout stand for outside diameter, inlet and outlet 
air pressure respectively.

Table 4.89. Technical Characteristics of Model CT135 Fluidic Limit Switches

Characteristic CT135-00 CT135-01 CT13 5-02 CT135-03

Pressure range, kPa 
Recommended inlet pres

sure, kPa
0-100

50-100

Injection rate at 50 kPa 
inlet pressure, m3/s 

Response, mm
1.28X10-4

0-3 .5
2.31X10-4

0-5 .5
5.22x10-4

0-9
8.2x10-4

0-12

Ambient temperature, °C From —50 to +80

Mass, kg 0.009 0.017 0.064 0.194

Note. The transmissible frequency for an air link 5 m long is 20 Hz.
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The pneumatic drive includes actua
ting mechanisms (single-action and 
double-action air cylinders, limited 
rotary actuators of various types, air 
motors, diaphragm chambers, etc.); 
distribution equipment, i.e. main and 
auxiliary distributors (two-position 
and sometimes three-position types, 
various pneumatic valves, etc.); con
trol equipment (throttles, reducing 
valves, pressure indicators, pressure 
switches, etc.); air treatment facilities 
with filters, oil sprayers, and other 
elements.

Tables 4.82 through 4.87 present the 
technical characteristics of the IlflJI 
series guided-vane actuators (prime 
movers) and the Ilflll series rotary- 
plunger actuators intended to impart 
limited rotary motions to robot me
chanisms42. The actuators of the latter 
series come in simplex and duplex 
(twin) design variants. The power 
medium is the compressed air at 0 
to 60°C saturated with oil (2 to 4 drops 
of oil per m3 of clean free air).

Robot designs employ special or 
standard air cylinders. Along with 
the devices intended directly for 
robots, pneumatic actuation systems 
include general-purpose devices and 
equipment produced in batches by 
specialized plants.

Air-operated robots are often made 
complete with fluidic logic elements. 
To gain the information on the motions 
of robot actuators, use is often made 
of fluidic limit switches of the CT135 
model, whose technical characteristics 
are given in Table 4.88 and 4.89.

4.8. CONTROL SYSTEMS

Classification. The control systems 
(OS’s) of industrial robots can be 
classified into a number of types 
depending on the criterion used 
(Fig. 4.64).

By the method of positioning the 
working mechanisms of an IR, the 
control systems are broken down into 
limited (fixed) sequence, point-to- 
point, continuous path, and composite 
(universal), controls. The limited se* 
quence -CŜ  specifies and controls only 
the end positions of robot limbs and 
can define no more than eight to ten 
stopping points. The point-to-point

CS is a multipoint control with as 
many as a few hundred programmed 
steps, the number being limited by 
the memory capacity and the repeata
bility achievable. The continuous 
path CS defines the position of any 
of the robot limbs at each moment 
of time. The universal CS can run 
the robot both in the point-to-point 
and in the continuous path mode.

Regarding the method of data 
representation, there are electrome
chanical, cycle, numerical, analog, 
and hybrid control systems. The 
electromechanical CS uses limit swit
ches, mechanical stops, time relays, 
cams, mechanical controllers and 
other devices to represent the data on 
the path of travel in the form of a 
physical analog (the position of end 
stops, the setting of time relays, etc.). 
The information on the time and 
sequence of execution of program steps 
(the cycle of operation) can be set up 
by means of automatic fixed-sequence 
relay devices. These control systems 
are the simplest and give the robots 
the least functional capabilities. In 
the cycle control systems (CCS’s), 
the cycle commands are given in 
numerical form and the information 
on the path is preset by use of ad
justable stops and appropriate swit
ches. The system with a switchboard 
is set up for a new cycle by placing 
plugs (switches, buttons, etc.) into 
definite sockets (positions). For the 
system using punched tapes, this is 
done by enclosing the tape in the 
read-out unit. The cycle control sys
tems find wide use for guiding robots 
along the paths defined by a few 
number of start and finish points. 
Analog GS’s differ little from cycle 
OS’s as regards the functions they 
perform, complexity, cost, and the 
area of application. The information 
here is set up and stored in the form 
of field potentials. The element base 
of these systems is built around com
puting and functional amplifiers. 
Numerical control (NC) systems have 
all information represented in numeri
cal form and stored on quick-change 
carriers (magnetic or punched tapes, 
drums, disks, etc.). Where they ope
rate with analog-type feedback sensors 
such as potentiometers and force
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transducers, NC systems are made 
complete with analog-to-digital (AD) 
converters at signal input devices. 
These systems endow the robots with 
the highest functional capabilities 
since they can direct the manipul
ation actions, monitor environmental 
parameters, and provide the advanced 
indication of parameters on data 
display devices. They can be inter
faced with external computers.

Hybrid GS’s may rely on various 
methods of data representation.

Control systems can be of the open- 
loop (open-cycle) and closed-loop (clo
sed-cycle) types. Open-loop systems 
are nonservo controls that have no 
input information either on the actual 
state of robots or on the state of the 
environment. Control on the open- 
loop basis causes certain difficulties 
since it requires that all cqnditions 
of the production process should be 
thoroughly met and the physical 
characteristics of the robot should 
be constant. However, the performance 
characteristics of robots change with 
time as a result of, say, the increased 
backlash and growing moments of 
resistance in some articulated joints 
and mechanical transmissions. The 
changes in the positioning characteris
tics impair the repeatability and thus 
lower the operating reliability of 
robots. The field oi application of 
open-loop control systems gets nar
rower with each year.

The closed-loop system with a servo 
drive (feedback control system) is 
void of the above drawbacks since it 
can compare the current parameters 
of the robot with the desired values 
and introduce corrections for any 
deviations.

By the type and volume of infor
mation, control systems fall into 
two groups, nonflexible and adaptive. 
In nonflexible control systems, the 
control program contains a definite 
body of information that remains 
unchanged during the operation of 
a robot. Program corrections are not 
made in case of changes in the para
meters of the outside world.

In programming adaptive CS’s, there 
is no need to introduce the entire 
amount of information on the environ
mental parameters (for the given pro

duction process). The control system 
gains the information it lacks from 
the “external” information system in 
the process of robot operation. The 
system thus allows for changes in the 
conditions of the particular production 
process, renders the programming pro
cedure easier, can operate with simple 
auxiliary devices and mechanisms 
catering for the robot, and often 
requires a smaller memory size.

Basic types of control systems. Ro
bots can operate through off-line 
(independent), integral, and multi
level control systems.

Off-line CS’s are designed to direct 
only the robots proper. These are the 
systems specially tailored for robots 
and, sometimes, the devices intended 
to control machine tools. In the 
general case, the CS’s specifically 
designed for robots differ from auto
matic machine tool NC systems by 
the following features: the former 
have the abilities to teach robots 
new tasks; include, apart from in
formation inputs, a large number 
of inputs and outputs to interface 
robots with the main and auxiliary 
equipment; contain additional modu
les to measure the variables indicative 
of the state of robot mechanisms and 
of the environment, and diagnostic 
modules to implement the dispatch 
control of the equipment and devices 
coupled with robots; incorporate soft
ware specially adapted for a particular 
robot as an object of control and 
organized to suit the increased speeds, 
extended motions of its articulations, 
magnitudes of samples (discrete values) 
and specialized process cycles such as 
the loading and unloading of the 
equipment, identifying and measuring 
external objects, exercising adaptive 
control, monitoring the motions of 
robot joints, and screening parts.

Specialized off-line CS’s are built 
up as single units, each intended to 
direct one robot or a group of robots.

Integral control systems are designed 
for robot-equipment installations for
ming self-contained cells. Machine 
tool NC systems now produced in 
quantities are often employed for the 
purpose. However, integral systems 
are unable to retrain robots by swit
ching these systems to a teaching
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mode, which makes robot program
ming a rather complex procedure. Now 
new designs should be developed, which 
would be able to program robots and 
associated equipment for new tasks.

Multilevel hierarchic NG systems 
are used for robots servicing machine 
tools; that form a section of the auto
matic line. Numerical control of this 
section can be split into three levels. 
At the upper level the computer cal
culates, 'stores, samples, and transfers 
control . programs for machine tools 
and robots to the lower level. At the 
medium level the system debugs these 
programs (checks and corrects by 
reference to the results of machining) 
and stores them during the machining 
process. At the lower level the system 
runs the control programs to operate 
machine tools. As with the machine 
tools, the control systems of robots 
serving the section must prepare and 
correct programs (at the medium level); 
store, retrieve, and transfer the pro
grams, collect the data on the shape 
and size of workpieces and their orien
tation in the magazine, exercise the 
dispatch control of robots (at the upper 
level); and drive the robots through 
the routines (at the lower level).

In this type of centralized control 
the programs are set up in the same 
way as are the programs in off-line 
control systems, hut here it is more 
preferable to store them in the com
puter memory at the medium level.
I he program is then run at the lower 
level using a positioner that sequences 
the robot motions in a step-by-step 
manner. Thus in multilevel systems 
the lower-level control units are 
much simpler than independent CS’s.

Multilevel hierarchic systems are 
not always economically advantage
ous. At present special-purpose unified 
off-line systems are most extensively 
used for control of robots.

Unified control systems for industrial 
robots. Soviet-made commercial uni- 
lied systems come in three series: 
VIJM, YIIM, and YKM.

The y iJ M  limited sequence (jew- 
l>oint) control systems. The cycle con
trol systems' of yiJM-10, yilM-20, 
N'HM-30, and yiJM-663 modifications 
mainly differ in the number of output 
signals and auxiliary commands. Tney

control IRs servicing press-forging 
equipment, casting machines, electro
chemical facing transfer lines, and 
metal-cutting machine tools employed 
in mass and large-lot production. The 
robots operating through these sys
tems have limited manipulation and 
functional capacities and a small 
number of positioning points for 
each degree of freedom. The command 
signal here is a potential of definite 
polarity that appears on a certain 
output line. The command signal du
ration can be preset in the CS or defi
ned by a feedback signal coming from 
a limit switch fitted to a robot limb.

The block diagrams of the yilM  
series devices are shown in Fig. 4.65. 
The technical characteristics of these 
devices appear in Table 4.90.

The yL(M-10 device consists of a 
control unit and a power suppy unit. 
The control unit is built on the modu
lar principle and includes a module 
A (MA) designed to interface the 
device with a computer and peripheral 
production equipment and a group of 
modules B (not more than five blocks 
of the MB1 through MB5 design 
variations) each of which is capable 
of controlling two axes of motion.

Each module, the A or B type, 
consists of a control board and a 
programming board. The control 
board generates 30 pulses following 
each other with a separation of 0.1 s. 
The required control program is set 
up by changing the sequence in 
wnich these pulses arrive at the inputs 
of flip-flops arranged in the program
ming board.

The control board of module A syn
chronizes the operation of the entire 
device which can be run in the auto
matic, semiautomatic, and setting-up 
mode.

The device is made as a welded box 
enclosing a power unit and logic 
boards. The controllable equipment is 
linked to the device through cable 
connectors located directly on the 
boards of modules.

The yilM-20 device operates as a 
program synchronizer with a fixed 
cycle of control. The program for con
trol of the robot and equipment is set 
up in a programming unit by means 
of diode switches placed in appropriate
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Table 4.90. Technical Characteristics of the yiJM Series Unified Control Systems

Characteristic yitM -io YIIM-20 yUM-663

Number of controlled axes 2-10 7 6
Number of stopping points 

along each coordinate 2 3 To 8
Memory capacity 30 commands 32 cycles 128 cycles
Number of programs
Time of holding commands in

1 1 4
storage, h 

Number of commands:
— - 2000

production process 12 7 12
robot control 16 >  15 30

Number of signals coming from
production equipment 12 7 20

Program carrier Patchboard Diode-switch Integral
board

Time delay, s — 0.2-18 0.1-30
Computer interface Available — —

Position sensors Microswitches Contactless Contactless
Output voltage, V 15, dc

pickups pickups 
24, dc; 110, ac

Element base Integrated Integrated Integrated
circuits circuits circuits

Supply voltage, V 220 220/380, 
three-phase line

380, single
phase line

575X480X1250Overall dimensions, mm 520X220X270 600X500X1200
Mass, kg 20 100 113

positions. The program sequence con
troller determines the sequence of 
control commands using the infor
mation arriving from the program
ming unit and control unit.

The commands sent to the robot to 
move its joints pass through an am
plifier block. The commands for con
trol of the equipment and reception 
of information from the equipment 
and the robot’s sensors of position pass 
through a coupler interfacing the 
control system with the robot and 
peripheral equipment.

The control system operates in auto
matic, semiautomatic, and setting-up 
modes. The modes of operation ana 
the duration of command signals are 
set up from the control console.

The teaching panel ensures the ma
nual control of robot articulations 
and control of the robot’s position 
sensors. The step timer can be set to 
maintain the requisite time intervals 
between th$ individual steps of the 
control, 'program. The step counter 
keeps a record of each step being run 
and subsequently issues signals to 
execute the next step of the working 
cycle of the program.

The device is complete with a forced 
cooling arrangement.

The metal cabinet has guiding ele
ments for mounting electronic, auto
matic, and power blocks. Electronic 
blocks are mounted on double-sided 
printed circuit boards. The remote 
teach control is linked to the device 
by a 3 m long cable.

The device is meant for robots ser
vicing various equipment used in 
large-lot production.

The YI1M-30 device is a modifica
tion of the yilM-20 system, which 
incorporates the main storage instead 
of i diode switches (i =  1 ,  . . . ,  5). 
The device conserves the control 
program if the power supply is cut off.

The yij;M-663 device operates on 
the principle of an automatic pro
gram synchronizer with a fixed cycle 
of control and has a storage unit con
taining a nondestructive program. 
The control unit processes the infor
mation in the prearranged manner, 
shapes control commands and routes 
them to the robot and cissociated equip
ment through the output program mat
rix block and output data amplifier 
block. The information used to gener-
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ate these commands arrives from the 
program storage unit, robot-equipment 
interface block, and the storage unit 
keeping data from robot sensors. The 
device contains up to 8 positioning 
points for each controlled coordinate.

The output amplifier built from 
optoelectronic thyristors issues control 
command signals of requisite power 
to a robot and attended equipment 
and ensures the complete conductive 
and electromagnetic decoupling of 
control and power output circuits.

The control console permits the 
operator to run the device in the 
desired mode, display the step num
ber and the step information content, 
switch on or off the electric power 
supply and the hydraulic-pneumatic 
line. The operator uses the keyboard 
to set up alphanumeric commands and 
enter them into the main memory for 
work in the teaching mode.

The operator can program various 
commands to perform the following: 
move robot articulations to proper 
positions and direct the equipment 
(control commands); specify the inter
vals between steps, jointly execute 
control commands, recall a subroutine 
and signal for its end, control the 
working cycle and signal for its end, 
and to shut down the operation 
(auxilliary commands). The device 
can also ensure the joint execution of 
up to eight single operations by or
ganizing steps of various lengths.

The control system can operate in 
the automatic, cycle, step-by-step, 
command-by-command, manual en
try, program setting, and program re
generating modes. It can execute in
dividual subroutines with variations 
of their logic interrelation to fulfill, 
for example, the “inserted” cycles of 
selection and placing of workpieces 
into a pallet and standard cycles of 
interaction with auxiliary equipment.

The electronic blocks are fitted to 
double-sided printed circuit boards. 
The control console is an inclined 
panel mounted on top of the metal 
cabinet. The device is linked to a ro
bot and associated equipment by 
means of gables through connectors.

The yllM type NC point-to-point 
systems. These come in yiIM-331, 
YIIM-552, and yiIM-772 modifica

tions which differ in the number of 
controlled axes and the type of con
trolled drive. The systems are desig
ned to control robots having a con
siderable number of positioning points 
along each coordinate. The robot 
equipped with these systems can tend 
various production equipment, per
form handling operations, carry out 
simple assembly and contact welding 
tasks. Any system can control a robot 
to service up to four pieces of equip
ment or more if the system is made 
complete with adaptive control mo
dules gathering information on the 
environment.

These NC systems unified on the 
structural-algorithmic and design 
principles operate as synchronous mi
croprogram units with a finite number 
of states that ensure the fixed cycle 
of control. All the body of information 
on the production process and robot 
motions can be put in the main me
mory from the control panel and teach 
pendant. This information can be 
read out and recorded into a tape 
cartridge unit for long storage. The 
production process information in
cludes up to 60 control commands. 
The on-line logic unit together with 
the automatic microprogram unit en
sures the interaction of all blocks of 
the system and executes the central 
control and logic processing of the 
information.

The input-output information block 
receives the control and production 
process information and transfers it 
to the robot and associated equipment.

The operator at the control console 
can select any of the following modes 
of operation: PROGRAM (automatic 
program execution); STEP SEARCH; 
MANUAL CONTROL; PROGRAMM
ING (training); PROGRAM CON
TROL; TAPE MARKING OUT; 
AREA MARKING OUT; INITIAL 
SETTING.

The program is run after arrival of 
unconditional and conditional trans
fer instructions, i.e. by the signals 
from the robot and equipment, the 
number of which reaches 32. The 
required program is chosen according 
to the appropriate signals from con
trolled objects or selected at the con
trol console.
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Table 4.91. Technical Characteristics of Unified ynM  Series Control Systems

Characteristic YnM-331 ynM -552 y n M - 7 7 2

Drive Step Servo Servo
Number of programmed coordinates 
Number of binary digits for processing

3 5 7
axis-of-motion information 16 15 15

Correction of motion Present Absent Present
Feedback sensor Absent Present Present
Power consumed, kW 1.5 1.0 1.0

Reference system 
Method of programming 
Program carrier 
Storage
Program execution
Number of input signals
Number of production process commands
Number of speeds
Indication and warning
Power source

In absolute values 
Teaching
Tape cartridge unit storing 600 K 
On-line storage unit with capacity of 100 

to 120 program steps 
Using conditional and unconditional tran

sfer commands 
32 for all three types of control 
60
8 (with acceleration and deceleration) 
Digital data presentation and flash sig

nalling
Three-phase 220/380 V supply line

Programming by the teaching me
thod is done at low speeds of robot 
articulations and involves a sequential 
recording of the information about 
individual program steps into the 
working storage. Before training the 
robot a new task, it is advisable to 
compile the working program for the 
robot and enter it into the programm
ing chart. Using the teaching unit, 
the operator then controls the robot 
motions at definite speeds. The con
trol console serves to collect the pro
duction process information and auxi
liary data including the data on the 
conditions of program execution, work
ing speeds along reference coordinates, 
und the dimensions of feeders.

To train the robot to perform indi
vidual program steps, it is necessary 
(o collect at the control console the 
production process and auxiliary in
formation pertaining to the ith step 
und to drive the robot through requi
site moves. By pressing the STEP 
RECORDING button on the teaching 
control, the operator then enters all 
the information on the motions, pro
duction process, and auxiliary equip
ment into the cells of the main sto
rage.

The device consists of a control box 
or two boxes on the common base 
or the YIIM-331 type) and a teaching 

unit linked to the box by a shielded 
cable up to 20 m long through a con
nector. All NC systems are equipped 
with forced air cooling arrangements.

The electronic blocks are fitted to 
double-sided printed circuit boards. 
Integrated circuits of the 155 series 
ensure high reliability of the control 
systems and sufficient noise immunity

The control devices provide for 
digital presentation and flash sig
nalling of both the modes of operation 
and possible malfunctions. They must 
be kept indoors at 5 to 40°C; the medi
um in which they operate must not 
contain aggressive vapors and gases 
in concentrations hazardous to metal 
and insulation. Table 4.91 presents 
the main technical characteristics of 
the YnM series devices.

The ynM-331 device (Fig. 4.66) 
is meant for control of three-axis 
robots with open-loop step drives. 
The device can run a program for the 
robot to load and unload workpieces 
from special pallets. The work station 
has eight pallets; the value of step 
correction is three decimal digits.
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Fig. 4.66* Block diagram of the ynM -331 numerical control system

The yiIM-552 device (Fig. 4.67) 
is designed for five-axis servo-con
trolled robots. The dc control signals 
for the movement of robot joints in 
the time-sharing mode come from a 
digital-to-analog converter. These sig
nals pass through power amplifiers and 
vary in magnitude from + 10  to 
—10 V. The coarse-fine feedback 
phase sensors provide information on 
the current positions of manipulator 
joints. This information goes to phase 
shapers and phase-to-number convert
ers and then arrives at an on-line 
logic block for further processing. The 
power supply block for feedback sen
sors shapes reference voltage signals 
in response to input signals from a 
synchronizer. The feedback sensors 
that receive these reference signals 
are sine-cosine coarse-fine synchro 
resolvers.

The ynM -772 device (see Fig. 4.67) 
is designed for seven-axis servo-con
trolled robots. The device is similar 
in principle to the yiIM-552 type, 
the difference being that the yiTM-772 
can control a larger number of pro
grammed coordinates. Besides, the 
yiTM-772 can direct the motions of a 
robot in the cartesian coordinate sys

tem for the execution of the program 
of loading workpieces into and un
loading them from special pallets. 
The work station has eight pallets; 
the step correction value comes to 
three decimal digits.

The y K M  series continuous path 
control systems. The yKM-552 and 
yKM-772 modifications differ in the 
number of axes they can control. 
These devices direct robots which 
have to execute complex motions 
along the specified trajectories in 
performing paint spraying, arc weld
ing, and assembly operations.

The control systems for such robots 
must have an appreciable memory 
capacity to store the working pro
gram.

These robots generally operate from 
computers such as the M6000 type. 
The yKM series unified continuous 
path control systems of the above 
models are built around the Electro- 
nika-60 microcomputer using floppy 
disks that can store up to 12.8 mega
bits.

The above systems receive signals 
from control elements of the robot, 
measuring sensors fitted to robot 
limbs, contactors of production equip-
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Table 4.92. Technical Characteristics of the YKM Series Continuous Path Control 
Systems

Characteristic YKM-5 52 YKM-772

Number of controlled axes 5 7
Measuring transducer 
Number of commands:

Potentiometer Digital sensor 
(15 bits)

production process 8 32
from equipment 

Number of binary digits for processing
8 8

coordinate information 16
Positioning accuracy ±1 (unit of increment)
Drive Servo
Method of programming Teaching
Interpolation Linear

ment, sensors mounted on tools, such 
as sprayer guns and welding heads, 
and limit circuit breakers.

The YKM series devices have a 
2-kilobyte main storage, provide 
16 bits to process the coordinate (axis- 
of-motion) information, receive eight 
commands from peripheral equip
ment; program robots by teaching, 
and linearly interpolate the paths of 
motion.

The switching lines for the com
mands to be sent to a manipulator 
and peripheral equipment ensure the 
transmission of currents down to 
0.2 A at a dc voltage level of 24tf:j} V. 
The systems receive signals from con
trollable objects at a dc voltage level 
of 2 4 and current of 0.1 A.

The devices can smoothly place 
the robot articulations into positions 
corresponding to the start of the work
ing program.

In executing a program, the devices 
can use both unconditional and con
ditional jump instructions. The re
quisite program is chosen with the 
aid of corresponding signals from the 
object (four signals for the YKM-552 
or five for the yKM-772) or from the 
control console.

These are rack-mounted devices 
linked to a robot and associated equip
ment by a cable up to 20 m long. The 
control console is built into the rack 
and is integral with it. The devices 
use two-sided printed circuit boards. 
The K155 type integrated circuits in 
combination with discrete elements 
form the base of the design.

The YKM device measures 1 700 X  
X 470 X 600 mm and weighs 

300 kg. The device has an overcurrent 
protection arrangement deenergizing 
the device in short-circuiting. It 
must be held in an enclosed heated 
space and operate in a medium that 
does not contain corrosive vapors and 
gases. The technical characteristics 
of the YKM series devices are given 
in Table 4.92; a simplified block dia
gram of the devices appears in 
Fig. 4.68.

The YKM-552 device is meant for 
control of robots and paint spraying 
equipment in painting three-dimen
sional products in standard booths.

The device can control five axes of 
motion, has an electrohydraulic servo 
with a transducer. The signal routed 
to the drive is a dc voltage of ± 3  V. 
Analog potentiometers serve as feed
back sensors.

The device enables the operation of 
a robot at the program playback speed 
set up either by a conveyor speed sen
sor or by an internal generator that 
can smoothly vary the speed in the 
range ±20% of the nominal.

The main modes of operation are 
as follows: PROGRAM (automatic 
program execution); TEACHING (ma
nual control for recording the program 
in the device memory); CONTROL 
(routine maintenance for debugging 
software); MANUAL (control from 
knobs and buttons on the teaching 
joystick).

The device can do the following: 
control the operation of the computer,
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Fig. 4*68. S im plified  block d iagram  of the YK M -552 and Y K M -772 control d evices

program carrier, measuring unit, and 
drive control unit; adjust the mani
pulator for the initial position; define 
the teaching period limit; give visual 
numerical readout of the number 
of the work area (two decimal digits) 
and flash signalling; execute pro
duction process commands; and select 
the desired program.

The YKM-772 device controls seven- 
axis manipulators and arc welding 
equipment. The system has an elec
tro hydraulic servo drive which receiv
es dc control signals varying over 
the range ± 1  to ± 1 0  V. The feedback 
sensors uaedifare digital 15-bit trans
ducers. The device ensures acceleration 
and deceleration of the drive with 
the speed adjustment within 0.25 
to 2 s.

The main modes of operation are the 
following: PROGRAM (automatic
welding program execution or verifi
cation of robot motions without weld
ing); TEACHING (recording of in
formation on the robot motions and 
welding process without making cor
rections during manual control); 
MANUAL (execution of robot motions 
by means of the teaching control and 
operation of the welding equipment 
from an independent panel on the 
equipment); CONTROL (maintenance 
involving software debugging).

The device can give light signals 
indicative of the end of the operation, 
execution of manufacturing process 
commands, presence of malfunctions, 
and the initial position of the mani
pulator. It can also provide the digital

15*
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Table 4.9 3. Technical Characteristics of Production Prototypes of Control Systems

Characteristic Robot A Sigma 3LUiy-6030 n y p -u | nyp-2ML
1

Control system 
Number of controlled

Limited
sequence

Limited
sequence

Cycle Cycle Limited
sequence

axes
Number of production <  6 <  8 <  5 ^  4 <  6

process commands 121 15 3 6 14
Drive
Number of input chan

Servo - — — Servo
nels 12 15 5 — —

Program carrier Punch
tape

Multiposi-
tional

switches
Plug
board

Plug-carrying 
drum and 
block of 
command 

potentiome
ters

Element base Integra
ted

circuits
Integra

ted
circuits

Integrated
circuits

Note.  Programming is by teaching.

display of the number of the work 
area on the control panel and the 
teaching panel (four decimal digits). 
The teaching control is linked to the 
device by means of a shielded cable 
up to 20 m long through a connector.

Universal (composite) control sy
stems. Multifunctional IRs called upon 
to carry out a variety of production 
tasks must often be complete with 
universal control systems providing 
both continuous path and point-to- 
point control. Such systems must store 
the coordinate information both in 
absolute values and in increments 
and also afford adaptive control on 
the basis of information about the 
environment.

For the execution of these tasks use 
is commonly made of computers linked 
to the production equipment. The 
above requirements are met by a 2G85 
type universal system which can 
control machines of various types. 
This system can be independent or 
integral. In the latter case it controls 
a cell comprising a robot and equip
ment.

The 2C85 type flexible NG system 
based on a built-in computer ensures 
versatile control and features a certain 
adaptability to the environment owing 
to the servo drive. The commercial 
microcomputer of the Electronika-60 
type lies at the basis of the system.

The system can control eight axes of 
motion and stop the moves of arti
culations in response to signals from 
the sensors of position; run the pro
gram and call in subroutines; ensure 
step-by-step program execution, on
line correction of speeds and motions, 
advanced data presentation including 
the indication of the number of each 
step, motions and code errors; debug 
control programs and provide data 
display; carry out a test check for per
formance; afford linear interpolation 
of motions in five basic planes and 
curvilinear interpolation in three 
planes.

The motions are preset both in 
absolute values and in increments 
(steps).

The set that forms the basis of the 
system includes a processor, timer, 
control console, interface to link a 
machine (robot), data input-output 
unit, power supply unit, and memory 
device.

Additional modules of the system 
are a CRT visual display, punch, out
put printer, and external storage.

The main storage capacity is up to 
28 x  103 numeric items.

Experimental and production proto
types of control systems for industrial 
robots. Table 4.93 presents the tech
nical characteristics of these systems 
furnished as part of some models of
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Table 4.94.  Technical Characteristics of Fluidic Cycle Control Systems

Characteristic YC2 y c 6

Step time at 0.05 s increment, s 0.1-1.5
Step iiraea t 0.1 s increment, s oCOo o .2-3.0
Number oT^switchings of the same command per cycle 3 3
Number of output channels 34 30
Number of steps 25 25
Number of inpu\t channels 18 24
Number of interlock commands 5 12
Element base Fluidic elements
Program carrier Plugboard
Clock pulse shaper Fluidic pulser (timer)
Mean service life, year 6 6
MTBF, h 1000 1000

commercial IRs. The nyP-LJ device 
is a cycle control system for robots 
of the Tsiklon-3B type having up 
to four programmed coordinates. The 
system has three programmable time 
intervals. The nyP-2M device is a 
hybrid system of positional control 
in which a jack plug drum serves as a 
program carrier and the block of com
mand potentiometers offers a means 
of setting up the coordinate informat
ion. The device compares the current 
position of coordinates with the pres
cribed position in analog form. It is 
designed to control robots of the 
Universal type. The hybrid digital- 
to-analog control system of the Ro
bot type applies to robots with a 
small number of positioning points. 
The comparison of the current position 
of coordinates with the given position 
is made in analog form. The memory 
is of the modular structure which 
offers the possibility of raising the 
storage capacity by adding modules 
each of which contains 32 positioning 
points. The Sigma system provides 
t h^ positional control of robots that 
perform complex production operat
ions. It is also applicable to servo- 
controlled robots. Programming the 
robot by the teaching method consists 
in recording the production process 
commands and transfer instructions 
apart from entering the position com
mands into the memory. The memory 
is built* oft the modular principle and 
consists of 8 modules each containing 
512 eight-bit words. Various types 
of reluctance pickups with a feed 
current frequency of 400 Hz can serve

as feedback sensors of position. The 
servo drive receives dc signals at 
about 15 V. The device controls accele
ration and deceleration of robot drives.

Fluidic cycle control systems. These 
systems apply to air-actuated ro
bots designed to service presses and 
casting machines and to operate in 
an explosive medium. Table 4.94 
presents the technical characteristics 
of the yC2 and yC6 types of these 
sequence control systems.

Application of machine tool cont
rol systems to robots. Robot engineer
ing sometimes uses conventional NG 
systems such as theH22-lM, H33-1M, 
H33-2M, H55-1, Kontur-3MI4, Kon- 
tur-4MM, y55, 485, and other types.

These systems are adaptable for 
use in one of the three variants: to con
trol (1) both a robot and machine tool 
on the time-sharing basis, (2) a robot 
only on the off-line basis, and (3) 
a robot and equipment simultaneously 
(using for the purpose a multicoordi
nate NC).

However, the use of the NC system 
built into a machine tool for control 
of a robot presents certain difficulties: 
the procedure of programming the 
robot and machine tool and also set
ting up the cell as a whole for a certain 
operation becomes a complex problem 
because the control programs are 
common both to the machine tool 
and to the robot; the operation of 
the robot does not coincide in time 
with that of the machine tool, so 
a very expensive commercial NC 
system is necessary that would control 
the number of coordinates equal to



2 3 ) CH. 4. INDUSTRIAL ROBOT DESIGNS

the sum of coordinates for the robot 
and machine tool to ensure their 
simultaneous operation; the system 
cannot afford robot programming by 
the teaching method.

Newly developed NC systems for 
machine tools rely on the improved 
element base using microcomputers 
and microprocessor sets. But these 
systems, too, do not fully answer the 
needs for control of robots since they 
are designed to control machines of 
the specific class, such as electrical- 
discharge machines, grinders, and 
lathes.

To sum up, the use of machine tool 
control systems for IRs involves diffi
culties because the requirements for 
robot control are quite specific and 
differ from those for control of the 
machine tools. The features peculiar 
to industrial robots are the following: 
the need of programming by the 
teaching method; appreciable speeds 
and long motions; absence of complex 
standard control cycles such as a 
thread-cutting cycle involved in the 
control systems of lathes; a great 
number of production process com
mands; a considerable number of 
controllable coordinates; low require
ments on positional accuracy; and 
the necessity for specific modes of 
adaptive control. In most cases robotic 
engineering employs conventional ma
chine tool NC systems for robots only 
because there is no other alternative. 
It is thus necessary to evolve special 
robot control systems on the block- 
structure principle common to the 
discussed systems using the same 
element base.

4.9. INFORMATION SYSTEMS

The information system determines 
to a considerable extent the functional 
capabilities of a robot, the scope of 
tasks the robot is able to handle, the 
operation reliability and the effective
ness of application of the robot in 
production conditions. The system 
also serves as an important link for 
securing ^safety of attendants. De
pending on the purpose they serve 
and the character of tasks they per
form, the information systems can

conditionally be classified into various 
types such as shown in Fig. 4.69. The 
classification is conditional in view 
of the fact that the same sensors and 
information blocks can both acquire 
information on the environment and 
control the robot state on the basis 
of sensory and sensomotor interaction. 
The environment perception system 
and robot performance control system 
in combination form a safety system.

The system of acquisition and cont
rol of information on the environment. 
Visual systems. To obtain an optical 
image, use is most often made of the 
devices of monocular or binocular 
vision. Vidicons, photodetector arrays 
(matrixes) and other elements serve 
as sensors, and computers perform the 
tasks of control of robots. The exam
ples of tasks handled with the aid 
of vision systems are given in Table 
4.95.

The application of vision systems 
is still in the experimental stage. The 
reason is that these systems necessitate 
implementing complex algorithms for 
processing visual information, so there 
is a need to employ the storage of 
considerable capacity and to process 
data for a lengthy period, 1 to 5 min.

The problems pertaining to the use 
of visual systems have received fairly 
sufficient study and the appropriate 
software is now available. Thus there 
is every reason to believe that in 
the near future the systems of artifi
cial vision will find wide practical 
uses for handling complex tasks of 
recognition and location of objects in
cluding the cases where some obstacles 
obstruct the field of vision. The exam
ples may include the manipulation of 
objects in small and enclosed spaces 
where some robot units and devices 
do not allow for visual control, oper
ation of robots in media of different 
transmittances, and insufficient illu
mination in the field of vision. In 
working conditions additional barriers 
to visual identification of an object 
may arise on account of the state of 
the object and the character of its 
machining, presence of rust, contam
ination, etc.

Tactile systems. These information 
systems use tactile sensors generating 
signals when they come in contact
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I
Environment perception

In fo rm atio n

Safe

Fig. 4.69. Glassification of robotic information systems
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Classification
feature

Purpose
served

Task done

Interaction with  
environment

Detector type used

Stage of data 
analysis during 
robot operation
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Table 4.96. Examples of Tasks Performed by Tactile Sensors. Design Features 
•and Algorithmic Solution

Task Design feature Principle of action

Locate objects with respect 
to robot hand. Control both 
contact with object and 
grasp on object by gripper

Microswitches
Current-conducting poly
mers
Air-actuated extensible pro
bes

Contact with object

Recognize objects of simple 
shape

Tactile sensors arranged on 
the inner surface of hand

Grasp on the surface of ob
ject by hand
The accuracy of identifica
tion depends on object 
dimensions

Four contact sensors moun
ted on the outer surface of 
finger

Touch on the surface 
Ject, i. e. motion of 
over surface

of ob- 
finger

Grasp unoriented objects Array of tactile sensors 
disposed on the inner sur
face of gripper

See Fig. 4.70

with the surface of objects. The tactile 
systems enable robots to do the follow
ing tasks: search for, detect, and 
locate objects; grasp and handle un
oriented objects; recognize the shape 
of objects and identify the class to 
which they belong; determine the 
physical properties of objects, such 
as the hardness, surface roughness, 
temperature, thermal and electrical

Fig. 4.70. Sequence of actions in grasping 
unoriented parts by a gripper equipped with 
an array of tactile .sensors fitted to fingers on 
the inside

conductivity; pick up and reliably 
hold objects at a controllable clamp
ing force thus preventing damage to 
fragile and readily deformable parts; 
execute fine motions in mating parts; 
control the shift of an object in the 
robot hand to prevent it from pivoting 
under dynamic load.

The simplest tactile sensors are 
contact pickups commonly mounted 
on the inner and outer surfaces of the 
robot hand, or gripper (Fig. 4.70). 
The sensing elements used are gene
rally microswitches or, more rarely, 
current-conducting polymers. Table 
4.96 lists some tasks performed with 
the aid of tactile sensors and describe! 
their design features. It is well to 
use these sensors to handle the follow
ing tasks: to control the presence of 
a part in the robot hand and tho 
alignment of the part grasped; to 
search, identify, grasp, and handli 
objects randomly oriented in space. 
This approach enables the designer 
to ease the requirements placed on 
special tooling of robots and thus to 
reduce its cost. An example of such 
a design solution is the implementat
ion of adaptive control over the phaa# 
of part grasping in two robot model! 
CM400>2.80.01 and yM160<D2.81.0l, 
The flowcharts of programs for adap» 
tive unloading and loading of maga
zines are shown in Fig. 4.71.

/
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( b)

rig. 4.71. Program flowcharts for adaptive unloading (a) and loading (b) of magazines

Combining tactile sensors into arrays 
affords a new dimension from the 
viewpoint of information content, i.e. 
provides for the ordered arrangement 
of sensors in space. Such an array of 
sensors can obtain information on the 
area of contact between the manipu
lator gripper and the part grasped. 
If the shape of the contact area is 
known it is then possible to identify 
1 he object and detect slippage, if any, 
between the fingers and the part by 
analyzing temporal changes in the 
contact area.

When using arrays of sensors, a 
number of factors should be taken 
into accoynt. At a low distribution 
density of sensors, the matrix can be 
made complete with additional micro- 
switches, relays, and other detectors.

The matrixes composed of proporti
onal sensors impart more functional

capabilities to robots. These sensors 
mainly serve to handle the tasks of 
object recognition and determination 
of the shape of objects.

Some designs of proportional sen
sors combined in arrays are shown in 
Table 4.97.

In designing proportional tactile 
sensors, the use of current-conducting 
polymers and integrated elements 
offers considerable promise since they 
permit constructing miniature pres
sure gages.

The use of matrixes necessitates de
veloping special data processing algo
rithms. Proceeding from the sensory 
and sensomotor interaction, these algo
rithms can afford both instantaneous 
recognition of the shape of three- 
dimensional objects and identification 
of the shape by feeling over the object 
surface in an active manner.
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Table 4.9 7. Examples of Designs of Proportional Sensors Combined into Matrixes

Matrix Sensor design Principle of action

Using current-con
ducting polymers

m m m m

L
r T r

v\\\\
L J

Change of pressure normal 
to the body varies the poly
mer resistance. The range of 
resistances is 10 0±1 kQ

I, current-conducting polymer; 2, 
terminals; 3, elastic shell; 4, pis
ton-electrode

Using variable-resis
tance potentiome
ters

Applied force causes the 
sensing element and the 
associated wiper to slide

l , sensing element; 2, spring; 3, 
potentiometer

Using resistance 
strain gages

i I, strain bar; 2, strain gage

External force deforms 
(bends) the bar, the strain 
being registered by the gage
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Table 4.97. (continued)

Matrix Sensor design Principle of action

y
v l T  \ f  1 2

wifi- *

Using piezoelectric 
transducers

b

Function genera tor

| -f Threshold 
----------  control

Contact of matrix with an 
object causes the redistri
bution of potentials on flat 
elements designed to work 
at certain threshold values

a, pressure-to-electric signal trans
ducer; b, threshold; i , elastic mate
rial taking the shape of object under 
pressure; 2, tactile sensors based 
on piezoelectric elements, Pconver- 
ting motion into electric signals

Figure 4.72 displays the algorithm 
lor identification of the shape of a 
local surface area in contact with the 
array of sensors. This algorithm per
mits defining the shape of a local area 
accurate to 95-100%. It is thus pos
sible to secure the instantaneous re
cognition of the shape to within 80%. 
A still higher accuracy is achievable 
by using this algorithm in combination 
with the algorithm for the purposeful 
probing of the surface with the aim 
to reveal other signs necessary for 
part recognition.

However, the operating reliability 
of the matrixes of proportional sen
sors now in use is yet rather low. 
Besides, an increase in the number of 
patterns for part recognition makes 
it necessary to feel over the surface 
of objects, which involves certain 
difficulties.

It is feit that in most cases the use 
of visual systems to perform the 
above functions is more justifiable, 
so tactile matrixes would find applic

ation only on rare occasions where 
visual control is difficult to exercise.

Sensors of force (torque, or moment) 
apply where robots have to handle 
fragile and readily deformable parts 
or to perform simple assembly opera
tions.

In the first type of application, the 
sensors of force offer the possibility 
of adjusting the clamping force in 
proportion to the mass of the grasped 
part. These sensors must be small in 
size since they are usually sited on 
grippers.

In use are two methods for measuring 
forces: by determining the elastic
strain of a sensing element or by 
registering the motion of the movable 
part of a sensing element.

There are a number of design solu
tions for measuring small forces; a 
measuring device can use wire-type 
and semiconductor resistance strain 
gages, or current-conducting poly
mers. Magnetoelastic elements are 
applicable for the measurement of
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A

X1 X2 X3 

X_A_̂ 5_̂ 6_

t a c t i l e :
M ATRIX

B

*i j----------- ^xa
D oes s ig n a l  

com e fr o m  one 
s e n s o r  o n ly  ?

|  No

f/es

C

C u r v i l in e a r  R id g e  C y/ind- P la n e  S p h e r ic a l  C r e s t  
r id g e  r ic a l  s u r f a c e  s u r f u c e

s u r f a c e

Fig. 4.72. Algorithm for identification of 
the shape of a local surface area in contact 
with a tactile matrix

large forces. Precision measurements 
require the use of calibrated springs 
and other elastic sensing elements.

Where a robot performs simple as
sembly operations, it is advisable 
to impart it some adaptive features 
with the aid of more complex sensors 
of force (moment). The adaptable 
robot will then be able to cope with 
the peg-and-hole insertion tasks which 
require a high precision, to within 
a few micrometers.

The choice of the force sensor in 
respect of its design complexity de
pends first of all on the complexity of 
tasks to be done with the aid of the 
sensor. In' the general case, to have 
a full picture of the force interaction 
between the gripper and the external 
object, it is necessary to use a sensor

capable of measuring three force 
components along coordinate axes and 
three moments about these axes.

Mounting a force sensor inside an 
assembly table rather than on the 
robot hand looks promising. This will 
simplify the design and ease the require
ments on overall dimensions. Such 
a sensor can be made as a set of square 
plates one placed above the other, 
with strain gages inbetween and fasten
ed to the working surface of the table. 
A sensor of force must be protected 
against overloads and damage.

Sensors of displacement of objects 
serve to control fine motions of an 
object to enable the gripper to pick 
up and reliably hold the object with
out deforming it. [£

Examples of displacement transdu
cers appear in Table 4.98. Most of 
the available designs suffer from cer
tain disadvantages which limit the 
field of application of these devices 
in practice. Thus they have a low 
noise immunity, respond nonuniform- 
ly in different directions of object 
displacement, detect the shift only 
in one direction and over a limited 
range. For example, the sensors using 
various rollers that come in contact 
with the surface of objects can respond 
to displacements only in one direction.

An electromechanical sensor (see 
p. 241) is a good design solution to 
remedy the situation. It can detect 
the displacements of an object in 
any direction. Provision is made in 
its design to periodically interrupt 
contact with the object surface by 
means of an electromechanical solenoid 
(vibrator). This enables the spring- 
loaded pin to compensate for the 
previous motion of the sensing element 
before the sensor comes again in 
contact with the object surface. Thus 
the sensor detects a possible displace
ment of the object grasped as it 
touches the object surface and comes 
to its initial position in the absence 
of contact. When the solenoid switch
ing frequency and the time period 
during which the sensor touches the 
surface are selected, the object dis
placement over any range and in any 
direction can be detected. The res
ponse of such a sensor will be depend
ent on the displacement speed of the
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T a b l e  4 . 9 8 .  Basic Diagrams and Characteristics of Displacement Transducers

1

A

Sketch Principle of action

Minute irregularities on object surface give rise 
to electric signals at sensor output during object 
displacement

/, sapphire core; 2 , piezoceramic 
sensor; 3, rubber shock absorber; 
</, metallic shock absorber

Object displacement causes roller rotation deteo 
ted by magnetic transducer

/. rubber roller; 2 magnet; 3, mag
netic head; 4 ,  fingers

Pressurejftransducer detects needle shift during 
object displacement

/, silicone rubber; 2, elastic rubber; 
.1. pressure pickup; 4, needle; 
.■», finger

Roller turns as object starts to slip and covers 
the diaphragm of photoelectric transducer

I, lamp; 2, diaphragm; 3, photo
cell; 4 , rubber roller; 5, fingers
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Table 4.98 . (continued)

Sketch Principle of action

Change in the state of pressure cells is indicative 
of object displacement

/ ,  fingers; 2. soft filler; 3, object; 
4 , pressure cells

Sensing element A bends as a result of object 
displacement and in turn causes strain bar B to 
bend

1 B
I, strain gages

Object displacement causes strain bars with sen
sing elements to bend. The ball as a sensing ele
ment and four strain bars permit detecting mo
tions in any direction

1, sensing elements

Pressure transducer responds to cap shift in any 
direction due to object displacement

Matrix Array of tangential force sensors can detect mo
tions
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Table 4.98.  (cont inued)

Sketch Principle of action

7 1

Recorder

j Solenoid Tactile j 
system [

L------ ^ ------ ----- *-------r
Electronic

switch Vibrator -

t
Toggle
switch

Power
source

In the absence of object displacement the sole
noid is cut off, the extended sensing element has 
its tip bearing against the object surface. If slip
page arises, the element bends and touches the cap. 
The output signal that results starts the solenoid 
in operation for a short period

i, sensing element; 2, solenoid coil; 
3, solenoid core; 4, return spring; 
5, rubber shock absorber; 6, insula
tion shell; 7, electrically conduc
tive cap; 8, terminals

grasped object, the sensor design para
meters, and solenoid switching fre
quency.

Most designs of grippers afford con
tinuous increments in the force of 
grasping an object in response to a 
sensor signal indicative of slippage. 
Where this type of design employed 
to execute fine motions proves inade
quate, it is good practice to equip the 
driving mechanisms with an appro
priate sensory system to enable a 
secure grasp on the object taking into 
consideration its weight, surface pro
perties, and dynamic influences.

Figure 4.73 describes the manipulat
or control algorithm for adjusting 
the clamping force required to lift 
an object in the phase of “object 
grasping’̂  ^The increment rate for 
the grabptng force is a function of the 
weight of an object and the coefficient 
of friction between the object surface 
and the gripper fingers.

Detection and ranging systems. These 
systems eliminate the possibility of 
damaging objects or sensing elements 
since here the sensor does not need 
to come in contact with an object of 
manipulation. In addition, they can 
substantially reduce the limitations 
on the speed of external objects mov
ing relative to a robot, which is not 
the case with tactile systems.

Detection and ranging systems may 
conditionally be divided into two 
classes: long-range and short-range 
systems of locating the working space. 
The first class includes ultrasonic, 
laser, and optical location systems.

Ultrasonic range finders can measure 
distances to objects over the range of 
0.2 to 2 m with an accuracy of 2%. 
However, these systems define angular 
coordinates, i.e. the angular position 
of an object, with a substantially 
lower accuracy since ultrasonic waves 
cover a large surface of the object

16-082



Fig. 4.73. Algorithm for robot control with adjustment of the clamping force

and make it difficult to isolate a local 
area for its measurement. Ultrasonic 
systems can thus only detect an object 
and roughly define its position in 
space.

Location devices based on lasers 
can determine the position of objects 
to a rather high accuracy. But these 
devices have not so far found wide 
application in practice for the mere 
fact that they are complex, large in 
size, and costly.

Optical location systems will pro
bably gain wide recognition. They 
“feel over” the working space with 
light and infrared beams. Incandes
cent lamps, light emitting diodes, 
and other means serve as radiators; 
receptors are various devices using 
photodiodes. At present much deve
lopment work is being done to create 
and introduce in practice special 
photosensitive arrays to detect sig
nals. Optical systems can measure
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Table 4.99. Examples of Optical and Ultrasonic Transducers

l, incandescent lamp; 2, safety washer; 
3, body; 4, photodiode (photoconductive 
cell); 5, fastening screw

Overlap of directional light beam

incandescent lamp; 2, photodiode

J

2
Detection of ultrasonic pulses

/, cap; 2, diaphragm; 3, body; 4, statio
nary electrode; 5, spring; 6, insulating 
washer

accurate to 2 mm at a distance up to 
2 m.

Table 4.99 presents the designs of 
Home ultrasonic and optical sensors 
and describes their principle of action.

Short-range location systems can 
be built jar<*und variable-reluctance, 
magnetic^nd fluidic (jet-pipe) trans
ducers. Among these, magnetic and 
fluidic sensors feature the best per
formance characteristics.
i a*

Fluidic ~ sensors depend for their 
operation either on the interaction 
of the air flow issuing from the nozzle 
with an object or on the interruption 
of the fluid flow by an object. The 
sensors of the first type, whose schema
tic diagrams appear in Fig. 4.74, serve 
as short-range detectors. Each sensor 
consists of a delivery nozzle, chamber, 
discharge nozzle, and intermediate 
nozzle. The flow rate through the
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Fig. 4.74. Fluidic sensors relying on the interaction of the air flow with an object surface 
<a) with flange at the cone of intermediate nozzle; (6) with ordinary nozzle; (c) with inter
mediate nozzle formed by outer walls of outlet nozzle and inner walls of inlet nozzle; J, deli
very (inlet) nozzle; 2, discharge (outlet) nozzle; 3, object surface; 4, intermediate nozzle; 
5, intermediate chamber; Pj , inlet pressure; P outlet pressure

discharge nozzle determines the load 
on the sensor. Table 4.89 gives the 
technical characteristics of commercial 
fluidic sensors.

Fluidic sensors suffer from a disad
vantage that they require pressure-to- 
olectric signal transducers if the robot 
operates from an electronic control 
system. Such transducers must have 
protection against environmental in-
Table 4.100.

fluences. There is a need to improve 
the operating reliability of these 
transducers.

Table 4.100 describes the tasks 
carried out with the aid of detection 
and ranging systems, some design 
features and principles of control. 
The characteristics of contactless sen
sors’of various types are presented in 
Table 4.1017.

Application of Detection and Ranging Systems

Task Sensor Application feature

Control whether the 
gripper holds a part

Optical Exposure of space between the gripper fingers to 
a light beam. Blacking out the photodetector is 
an indication that the gripper holds a part. 
A few photodetectors can give information on 
the position of a part in the gripper

Recognize the shape 
and location of ob
jects

Optical

Ultrasonic
Laser

Use of the discrete array of photosensors arran
ged normal to the direction of motion of pieces 
on a conveyer belt
Use of the ultrasonic receptor board containing 
1 024 two-position sensors
Use of a scanning laser ranger which locates 
objects to be transported by a walking robot

Keep the track of a 
trajectory

Induction

Optical

Sensors sited ahead of the weld area tr^ck the 
seam welded and ensure the specified parameters 
of motion
Sensors guide mobile robots employed for shop 
transportation

4
Control the assembly 
operations

Fluidic Sensors fitted to replaceable grippers and tools 
enable robots to search for and mate parts in 
the prescribed manner
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The main drawback of remote pick
ups is that the signals they generate 
depend on the reflectivity of objects, 
surface irregularities, and the type of 
object material. One more limitation 
to their usefulness is that the surface 
under examination must be normal 
to the light beam (or air stream) 
which is impossible to achieve in 
most cases, for example, in search. 
For this reason the expediency of 
their application depends in each 
particular case on the task to be ful
filled. Optical sensors operating on 
the sight check principle to control, 
for instance, whether the gripper 
holds a part are more versatile and 
enjoy wider applications.

Robot performance control systems. 
The control system for the robot 
status must ensure the required operat
ing characteristics including the ope
rating reliability of the robot and 
maintain the requisite parameters of 
robot motions. Therefore, the system 
proper must comprise a number of 
other systems: the system intended 
to estimate the positions and speeds 
of robot mechanisms and thus to 
reveal the actual state of the robot 
at each moment by comparing the 
working parameters with the specified 
parameters of motion; the interlock 
system to guard against damage both 
to the mechanical system of the robot 
and to the associated production 
equipment in case of unforeseen mal
functions; the system designed to 
diagnose the status of the robot and 
predict its service life, which thus 
makes it possible to reduce the time 
needed to restore the robot serviceabi
lity and to decrease the number of 
failures by performing appropriate 
maintenance work in due time.

The system for estimation of the 
positions and speeds of blocks and me
chanisms is a specialized setup tailored 
to suit robots of the particular type.

The main requirements placed on 
sensors of the system are that they 
must be inexpensive, reliable, small in 
mass and size, noise-proof, stable to 
environmental influences, readily ad
justable, jmd capable of measuring in 
absolute values.

For servo-controlled robots, the 
system includes feedback sensors of

position and speed of articulations. 
Tachogenerators or dc motors of spe
cial types serve as feedback sensors 
of speed. Feedback sensors of position 
can be wire-type potentiometers, va
riable-induction and variable-reluc
tance transducers such as synchro re
solvers and inductosyns.

The Soviet-made servo-controlled ro
bots mostly use the following feedback 
position sensors:

— wire-type potentiometers that 
measure accurate to 0.05%, which, 
however, have low reliability because 
of the presence of contacts;

—induction machines such as syn
chro induction resolvers in which the 
output voltage is a function of the 
input voltage and the angle of revo
lution of the rotor. This relation can 
be both linear and sine (cosine). 
The error in reproduction of the sine 
relation for various resolvers ranges 
from 0.02 to 0.2%. Table 4.102 lists 
the main characteristics of these de
vices.

The main disadvantages of induct
ion sensors include a high cost, need 
for ac supply, low noise immunity, 
and use of A/D converters required to 
transform and enter sensor signals 
into the control device.

In the last years contactless (static) 
potentiometers have gained ever great
er recognition. They are analogous to 
electromechanical potentiometers but 
without a wiper. With the advent of 
optoelectronic potentiometers it has 
become possible to develop measuring 
transducers which generate signals in 
digital form and thus eliminate the 
need to equip control devices with 
A/D converters.

There are two types of such measur
ing transducers: pulse transducers, or 
pulse generators, which convert the 
angle of revolution into the train of 
pulses of definite polarity and digital 
(coding) transducers which digitize 
the angle of revolution. These sensors 
feature improved technical and oper
ating characteristics. The first type 
can issue 1 000 pulses per revolution; 
the resolution of the second type reach
es 215 to 216. What limits a wide appli
cation of pulse generators, such as 
the BE type, is the lack of information 
on the absolute value of the angle
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T a b l e  4 . 1 0 2 .  Technical Characteristics of Synchro Resolvers

Type Supply vol
tage, V

No-load in
put resis
tance, Q

Transforma
tion ratio

Sine error,
%

Linear error,
%

BT-2A 110 440-4100 0.102-0 .96 0 .06 -0 .2
110 440-950 0.565 0 .06 -0 .2 0.11-0 .22
110 400-4100 0.102-0.96 — —

BTM-E 60-115 400-4500 0 .56 -1 .0 o 0 05 1 o CO 0.1*0.3
BT-5 40-127 200-4000 0 .53 -1 .0 0 .02-0 .06 —

40-127 200-1000 0.373-0.746 — 0.11-0 .22
JIBT-5H 40 400-1000 — — 0.05-0 .22
MT-5 40-127 200-4000 0 .13-1 .1 — —

BBT-5 40 200-450 0.56 0 .02-0 .1 —

40 200-450 0.72 — 0 .3 -0 .4
BT-3A 60-220 900-15000 0.104-0.930 0 .06 -0 .2 0 .11-0 .22
MBT-2 28-30 500-2000 0 .56 -1 .0 0 .02-0 .1 —
MBT-B 50 800-3000 0.56-1 .0 0.2 —
BT-2.5 12-40 200-4000 0.56-1 .0 0 .05-0 .1 —

CKT-225-2 36 1330-5100 0.22-1.0 0.1-0 .2 ~

of revolution. Digital sensors are free 
from this drawback, which makes 
these devices rather promising for 
use in robot control systems.

In open-loop control systems using 
a step motor as a drive, for example, 
in the yiIM331 device employed to 
control the yM160cP2.81.01 robot, the 
reference point must be available for 
all controllable axes of motion. This 
reference point must be given at the 
start of robot operation in the auto
matic mode. Various sensors are ap
plicable for the purpose, such as con
tact limit switches, contactless limit 
switches, and fluidic transducers of 
position. The limit switches operate 
at 500 V ac and 220 V dc under the 
action of control stops at current 
ratings of 4 to 6 A. Their mass is 
from 0.17 to 1.32 kg; the working 
stroke ranges from 5 to 12 mm. They 
can withstand not less than 2 million 
switching cycles. Similar switches 
are also suitable for estimation of 
the coordinate positions of cycle con
trol robots. The output signal here 
defines a specified position of a certain 
axis of motion.

The interlock system provides the 
protection .jrf a robot and attended 
mechanlsihs in case of unpredicted 
malfunctions, excessive external for
ces, and other troubles in the phase 
of workpiece transportation. The range

and number ot sensors used in the 
system depend on the type of robot 
and the character of tasks it must carry 
out. The choice of sensors and the 
points of their attachment to the 
robot depend on the adopted scheme 
of control and adjustment.

Experience in operation of robots 
allows us to divide conditionally all 
manifestations of malfunctions and 
failures into a few types: some axes 
of the robot approach their kinematic 
limits of motion; the gripper “stumb
les” on a workpiece or on some pieces 
of associated equipment; the robot 
tries to handle a part while skipping 
over the manipulating actions it has 
to undertake to bypass obstacles.

To prevent the first type of malfunc
tion, two limit switches can be set up 
along each axis of motion to define 
the extreme end positions for the 
robot arm. As for the other types of 
trouble, safety measures can be taken 
by analyzing the speeds of robot arti
culations and comparing them with 
the programmed speeds. If an inter
lock does not secure the desired change 
in the speed of robot mechanisms, 
provision should be made to protect 
hardware by fitting tactile sensors 
to the gripper on the outside or force 
sensors to individual limbs of the robot.

Failures arising in the robot-equip
ment installation can be both syste-



248 GH. 4. INDUSTRIAL ROBOT DESIGNS

matic and random in character. The 
latter failures can result from unpre
dictable external disturbances, ran
dom malfunctions of the electric power 
supply unit, etc. They do not disturb 
the serviceability of the entire cell 
brought out of action by interlocks. 
These malfunctions may not arise 
anew after the robot is given a com
mand to repeat the required sequence 
of motions. The algorithm for operat
ion of the interlock system must 
therefore envisage a repeated run of 
commands after interlocking.

The interlock system must also 
exercise control over the requisite 
rate of the working fluid, pressure 
and temperature in the hydraulic 
and pneumatic mechanisms if they 
are built into the robotic system. 
Special limit sensors are now avail
able for the purpose and find wide use 
in robotics.

Apart from protecting the mechanic
al system, the interlocks must be 
operable to protect the NC system 
and electrically powered mechanisms 
in the event of malfunction, for 
example, when the power goes off.

The interlock systems of various 
functional capacities are present in 
most designs of robots. The choice of 
an interlock system depends on the 
specific requirements stemming from 
the design of a robot, conditions of its 
application and the production task 
assigned to the robot.

The system of diagnosis and prediction 
of a robot's service life makes it pos
sible to recover the serviceability of 
the robot and reduce the number of 
failures by scheduling maintenance 
operations. This system must enter 
the general system of diagnosis of 
a robot-equipment cell (an automatic 
line, a section of line, etc.). For this 
purpose all the equipment of the ma
nufacturing cell (a section) must be 
complete with an advanced informat
ion system which has to include a va
riety of sensors to estimate the pres
sure in hydraulic and pneumatic lines, 
levels of supply voltage, positions of 
controllable coordinates of the pro
duction Equipment forming the work
ing section, operating conditions and 
serviceability of the devices of the 
NC system, etc. The signals from sen

sors must be normalized digital sig
nals at a level of 24 V dc.

The diagnostic system must be 
built on the modular principle in the 
form of the operator’s panel equipped 
with an advanced display system 
enabling the operator to rapidly locate 
a fault in the workshop section.

The flows of information coming 
from the units of production equip
ment (for example, from the ith ma
chine) and from functional blocks 
(electronic devices, hydraulic actua
tors, etc.) must be combined into 
individual bodies of information. The 
diagnostic system must incorporate 
blocking devices to interrupt the 
flows of information from production 
units when it is necessary to carry out 
the preventive inspection, repair or 
retooling of the given equipment 
without breaking the operation of 
other units entering the manufactur
ing cell.

By analogy with machine tool NC 
systems, the diagnostic system can 
exercise control by measuring the 
level of noise generated by robot 
blocks, electric motor currents, etc.* 
using for the purpose appropriate sen
sors fitted to certain limbs and me
chanisms of the robot. For high-torque 
dc motor-driven servo-controlled ro
bots, measurements of motor currents 
should be taken during robot operation 
in order to estimate the forces of 
friction in joined parts (guideways* 
bearings, etc.) and also transient pa
rameters required to determine the 
gaps in joints and gear trains. The 
NC system must analyze and compare 
the signals from these sensors with 
reference signals.

To check the program execution* 
it is necessary to determine the time 
required to carry out motions and 
compare it with the maximum per
missible time or to estimate the final 
state of the workshop section after 
execution of each step of the control' 
program and compare it with the 
given state.

The modular concept embodied into 
a diagnostic device will enable the 
device to function adequately whatever 
the makeup of the manufacturing cell.

The safety system. The combination 
of individual interacting elements of
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the environment perception subsys
tem and robot performance control 
subsystem with special information 
units and operation safety mechanisms 
form the safety system. The system 
ensures safety in setting up, teaching, 
and operating the robot and forms 
a part of the devices that provide pro
tection and trouble-free operation of 
all the types of equipment comprising 
a robotized complex.

A part of the information system 
that belongs to the safety system 
must shape a command signal for the 
robot to stop in case of an emergency, 
for example, when the robot moves 
in the area where it may endanger the 
life of attendants. It is advisable 
that this command signal should be 
removed by the operator himself who 
sets up and attends the robotic cell. 
To shape such a command signal, the 
safety system must keep a record of 
the position of the robot and its 
mechanisms in space and also fix 
the positions of attendants in the 
work area of the robot.

The system can use tactile, force,. 
ultrasonic, and induction sensors sing
ly or in combinations and also visual* 
sensors. Proceeding from the require
ments for the low cost of the systemr 
however, and high operating reli
ability, it is expedient to use the 
following devices: sensors of position 
of individual axes of motion (for 
servo-controlled robots) and contact 
or proximity switches (for open-loop 
control robots) to define the position 
of a robot and its limbs in space; 
optical sensors and other devices to 
locate the position of the operator 
in the robots work area, for example,, 
sensors operating on the sight check 
basis and contact limit switches dis
posed on spring-loaded platforms, at 
certain points of the work area, on 
spring buffers, robot blocks, fence 
doors, wire guards, etc.

Additional information on the de
signs of industrial robots and their 
blocks is given in works11”17.



Chapter 5

Robot
Applications

Automation of production processes 
in mechanical engineering is a com
plex problem which involves the de
velopment of new equipment, im
proved technologies, and advanced 
industrial organization systems with 
the aim to raise net profits at a mi
nimum of manpower and to improve 
working conditions. The factors that 
determine the level and techniques 
of automation are the type of manu
facture, production runs, and equip
ment available. The effectiveness of 
automation depends on a rational 
organization of the production pro
cess as a whole, comprehensive intro
duction of means of automation at 
all stages of the manufacturing cycle, 
and the extent to which the adopted 
system of production organization 
and control permits taking decisions 
at a lower level, for example, to 
reduce the downtime. The effective 
robotization also relies on the inte
grated approach to the development 
and introduction of robots, production 
machinery, auxiliary mechanisms and 
devices. It is unprofitable to take 
organizational and technical measures 
on a large scale to install a robot 
into a production line without con
sidering the entire production system. 
Only extensive applications of robots 
in complex manufacturing cells can 
justify the efforts in the technical, 
economic, and social respects.

5.1. FLEXIBLE ROBOTIC 
PRODUCTION SYSTEMS.
GENERAL STATEMENTS

Industrial robots can be effective 
tools for automation of the main 
and auxiliary manufacturing operat

ions in long-, medium-, and short-run 
production.

High-volume production of goods 
of the same style presupposes the use 
of special high-productive equipment 
with automatic handling and charging 
devices which in combination form 
an automatic transfer line. In develop
ing such production flow lines, a mi
nimum working cycle should be en
sured. Nonflexible (synchronous) auto
matic lines are noted for high pro
ductivity and find extensive uses in 
automotive-tractor industry, agricul
tural machinery industry, for the ma
nufacture of bearings, household goods, 
etc. Since they cannot be set up for 
different product styles, these lines 
should pay off over a certain product
ion period. The main requirements 
placed on the basic and auxiliary 
equipment include a high productiv
ity and reliability during a long 
service life and a high level of auto
mation of production operations. The 
reliability and the in-use life built 
into the line (process equipment, 
auxiliary devices, and means of auto
mation) must fit the planned term 
of output of batch-run parts. For the 
means of automation to be simpler rn 
design, they should not necessarily be^- 
adjustable for other tasks and funct
ionally interchangeable.

However, in mass production, too, 
the growing pace of technical develop
ment calls for rather frequent changes 
in the designs and properties of pro
ducts, which in turn generates a need 
to change over the available product
ion lines, replace the equipment and 
automatic devices. The operating pe
riod of an automatic line destined to 
turn out a specific product thus be
comes shorter. This necessitates a wide 
application of IRs in mass production
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The use of appropriate robots enab
les engineers to rapidly build up 
integrated transfer lines which com
prise various types of process equip
ment, to eliminate the need for de
veloping special transport facilities 
in each particular case, to quickly 
set up automatic lines for other jobs, 
and also to complete and put the 
lines in operation over shorter periods.

In large-lot production the manu
factured items have a limited period 
of obsolescence. Tooling-up for this 
type of production must be fast since 
the output of even a large lot takes 
a comparatively short period of time. 
The main and auxiliary equipment 
must meet the requirements of high 
output, increased reliability, read
justment, and layout modification in 
a comparatively easy way. The cost 
of retooling for production and the 
cost of products directly depend on 
the fulfillment of these conditions.

Automatic and semiautomatic 
equipment, first of all, building-block 
machines and NG machine tools, fully 
comply with the above requirements. 
These machines used in combination 
with robots can form nonsynchronous 
transfer lines. Combining robots and 
highly automated equipment into ro
bot work cells will make it possible 
to develop automated work stations 
and flexible systems, to set up these 
manufacturing systems for different 
jobs, to change their structure and 
refurnish them if need be.

Characteristic of medium-lot pro
duction involving a wide range of 
parts are a frequent change and repeti
tion of the lots and a short duration of 
each run for the production of parts 
of the same type (within a period of 
two or three shifts to a few weeks).

The integrated automation of me
dium-lot production can be developed 
most effectively on the basis of stan
dard robotic cells (RCs) designed to 
perform various functions, in which 
one robot can tend one or a few ma
chines. Such RCs should be able to 
carry out, ymost diverse operations 
done in ' industrial engineering, in
cluding stock piling and assembly 
operations. Design and technological 
parameters of RCs must be such that 
robot work cells can be combined

into flexible production systems con
structed by the methods of cell tech
nology. With the development of 
standard RCs intended to work con
ventional parts of machinery and to 
perform a wide range of other operat
ions it becomes possible to build up 
automated workshop sections and 
automatic lines of various types and, 
hence, to form complex production 
systems differentiated by the pur
pose, the set of operations, and the 
level of automation of production 
and control processes.

Small-lot production is yet at the 
lowest level now. It necessitates set
ting up the machinery for new jobs 
during the shift. There is a need to 
raise the output and increase the de- 

ree of automation of short-run pro
motion. Higher technical and eco

nomic indexes can be achieved by 
widely employing NC machinery to 
make up work stations of machines 
integrated either on the functional 
basis (single-type machine tools) or 
on the production process principle 
(to provide a sequential route of ma
chining). Of much promise is the use 
of robot work cells based on multi
functional NC machines to enable the 
execution of a wide range of operat
ions which overlap to a high degree. 
The methods of cell technology are 
also used, in a number of cases, in 
small-lot production to machine the 
enlarged lots of single-type parts. 
In this type of production, too, the 
basic structural unit of flexible ma
nufacturing systems must be an equip
ment-robot setup programmed for the 
first product style by the teaching 
method; working the parts in small 
lots, each numbering 5 to 7 pieces, 
will then be profitable.

Structure. The notion of a roboti
zed system (RS) covers all production 
departments which employ robots as 
means of automation, including ro
botic cells, automatic line sections 
and shops. A robotic cell is the basic 
structural unit of an RS of any com
plexity.

The robot work cell is a self-con
tained assembly of means of product
ion. Its makeup includes a set of basic 
process equipment and auxiliary equip
ment with one or few robots to per-
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form manufacturing or auxiliary oper
ations. The cell provides for a com
pletely automated working cycle and 
its interface with input and output 
stations of the rest of machinery in 
the RS.

It is necessary to differentiate bet
ween the robot work cells where robots 
perform auxiliary operations of the 
pick-and-place type and the robotic 
cells where IRs execute basic pro
duction tasks such as assembling, 
welding, and paint spraying.

A robot work cell may contain one 
robot put on the job to tend one or 
a group of associated machines or to 
perform a full production cycle, for 
example, at one welding station. 
A cell can also include several robots 
to carry out interrelated or mutually 
adding operations.

For elaboration of flexible robot 
production systems it is necessary to 
solve a number of problems: the layout 
of equipment and, if needed, its mo
dernization to link the equipment 
with robots; selection or development 
of robots, transport facilities, auxi
liary devices, means of control and 
information; etc. Any complex pro
duction system is an aggregate of 
units interrelated in a cause-and- 
effect manner; the functions they per
form and the operations done on them 
must in the end result in the output 
of products of a definite quality in 
desired quantities during a specified 
time. An optimum system can give 
a maximum output at a minimum of 
expenses. In medium-lot production 
of a wide range of products, it is only 
hybrid production systems that can 
be optimum. These systems have some 
adaptive features which enable them 
to adapt to a certain degree to changes 
occurring inside and outside the cells 
and thus keep the output close to a 
maximum.

By its structure, every production 
system can be regarded as an aggregate 
of basic components18.

The machining (shaping) subsystem 
consists of commercial or specially 
developed jpieces of process equipment, 
the choice of which is made on the 
basis of the requirements of a specific 
production process, scope of operat
ions, extent to which they overlap,

and the desired degree of automation 
of manufacturing steps.

The transportation subsystem stores 
finished parts and handles parts and 
blanks in the shop and between work 
stations. The subsystem also loads, 
picks up, reorients if necessary, and 
fixes parts in position as it services 
the process equipment. The subsystem 
makeup includes automated warehous
es, various robots, conveyors, carriers, 
and other means of automation oi 
warehousing operations.

In selecting transport facilities, it is 
necessary to match their operation 
with the work of plant and shop fa
cilities handling workpieces, semi
products, and finished parts. Also, 
the type and capacity of storage units 
at robotic cells should be correctly 
chosen, and appropriate methods to 
deliver, orient, and locate workpieces 
at the starting work stations should 
be employed.

The tooling subsystem serves to make 
up tool sets, to adjust, deliver, and 
replace tools, various attachments, 
and measuring devices used in machin
ing and control subsystems, and grip
ping mechanisms and tools for robots. 
In developing automatic lines and 
sections, it is advisable that all ro
botic cells should have unified maga
zines to enable automatic replacement 
of tools, appliances, and grippers. The 
common system for the flow of products 
can be adapted to transfer tools, fix
tures, and grippers. It will then be 
possible to furnish the arriving batch 
of workpieces with a set of tools and 
attachments required to machine 
workpieces. Transferring tools in hold
ers unified in shape and size offers 
the opportunity of applying the robots 
that handle the flow of products^ to 
tool-changing operations on machines.

The subsystem of product quality 
control keeps check on the quality 
of products to attain the given pro
duct-quality indexes.

The subsystem of control and inform
ation monitors and interfaces the 
main and auxiliary equipment, hand
ling facilities and the warehouse; 
controls and diagnoses the operation 
of equipment and records malfunctions 
and failures; collects and distributes 
information on the location of batches
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of workpieces and parts and also on 
the available tools, machining attach
ments, and measuring devices; cal
culates the sequence of machining of 
the batches of workpieces on machine 
tools; keeps an account of products, 
workpieces, semifinished items, mate
rials, spare parts and units, and also 
estimates the stock in the warehouse; 
provides information to the supervisor 
and performs other operations requir
ed to plan and organize the production 
and to control other subsystems.

The auxiliary subsystem keeps the 
entire production system working. 
It provides for power and materials, 
takes off waste of production, and 
performs other functions.

The enumerated subsystems inter
relate with one another, therefore 
specific organizational and design- 
technological decisions taken for one 
of them impose as a rule definite re
quirements on the others. These sub
systems combined together in a variety 
of ways result in complex production 
systems which can serve various pur
poses and differ in the structure, de
gree of automation and control of the 
main and auxiliary operations, level 
of interrelations inside the subsystems 
and between them.

The character and degree of auto
mation must justify the efforts eco
nomically amt at the same time offer 
the possibility of enlarging and im
proving the entire production complex 
to achieve the main aim—to cut down 
the labor requirements and raise the 
labor productivity, i.e. increase the 
product output per worker.

In developing automated sections, 
provision should be made to gradually 
transform them into flexible product
ion systems which would allow a con
stant decrease in the manpower needed 
to handle the equipment and control 
it. For this it is necessary to ensure 
a good serviceability and reliability 
of machinery; to envisage the possi
bility of linking the equipment of 
various production purposes and using 
a wide'^vrfiety of handling arrange
ments; to impart flexibility to the 
control and information subsystem 
to enable it to perform a growing 
number of functions; to make the 
production system adaptable to changes

in production conditions and amen
able to improvement and enlarge
ment.

As applied to the structure of an 
automated section, the above features 
can be ensured by the modular arrange
ment of its basic functional subsys
tems (machining and transportation 
subsystems) and using the hierarchic 
system of control and data acquisit
ion. The required flexibility of hand
ling and loading arrangements is 
achievable through the use of robot 
work cells which can be regarded as 
basic structural components in modul
ar assembly of automated sections.

As is known, modular design relies 
on definite structural units that can 
be linked in-between through inter
faces. Regarding automated sections, 
it is the control and automation sub
system , transporta tion-warehousing
subsystem, and automatic setting-up 
system (if it is available) that must 
perform the functions of interfaces 
between the structural units. The 
linKs Detween a machine and a robot 
can be individual in character due 
to a possible diversity of the attended 
equipment. Individual links inside 
an RC are made possible through 
a robot. To implement the linkage 
between RCs, it is necessary to unify 
the starting work stations, transport
ation boxes, structure elements of 
continuous handling facilities, and 
output elements of the control and 
information systems.

The makeup and structure of an 
RS follow from the content of a pro
duction process which is defined by 
the following features: the design and 
technological parameters of a part 
or ranges of parts; given program of 
yearly output; available production 
equipment; organization of subsys
tems to machine and transport parts 
and tools, to control product quality, 
and to acquire information, and also 
an auxiliary subsystem which includes 
a service station and industrial safety 
department.

Figure 5.1 shows the pattern of in
ternal links between the main com
ponents of the production process in 
a robotized system19.

Depending on the purpose of an RG, 
the makeup of available equipment.
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Fig. 5.1. Internal links between the main components of the production process in a robotized 
system
(a) layout links; (6) equipment links; (c) information links; (d) production links; E , picctss 
equipment; I R , industrial robot; P, part; A, machining attachments (tcols, fixtures, and 
devices to locate and fasten parts); Ax,  auxiliary equipment to deliver parts and tcols to load 
positions, orient and dispose of parts, etc. (boxes, pallets, roller tables, conveyors, feeders); 
I, inspection means; C, control means; T, inlet and outlet transport links

and the character of organization of 
production, the tasks associated with 
the formation of robotic cells can be 
different. Fig. 5.2 presents an example 
of organization of an RC comprising 
a robot and machine tool.

Basic schemes of application of in

dustrial robots. These (schemes are 
given in Table 5.1.

Individual servicing of equipment 
involves the use of one independent 
robot or a robot built into a machine. 
The robotic cell so formed executes 
the following basic tasks: automatic- 1

Fig. 5.2. Structure of a machine-robot installation (robotic cell)
I, cell control unit; 2, automatic fixtures and locating means of machine; 3, device to remove 
dirt and chips from locating surfaces of parts and fixtures; 4, gripper equipped with devices 
to identify a workpiece, control its dimensions, and correctly place the workpiece in work 
position on machine; 5, adjustable pallets for parts; 6, boxes in automated storage unit; 
7, chip-removing conveyor; 8, wrist assembly that affords automatic gripper replacement; 
9, robot; 10, cutting tool-carrying head adapted for automatic tool replacement and equip
ped with chip breaker and devices that issue signals as tool grows blunt or breaks; 11, protec
tive guard for machine’s working area; 12, machine
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T a b l e  5 . 1 .  Basic Schemes of Applications of Industrial Robots

Application Sketch Note

Single-robot work cell

Robot built into 
equipment

A single-program robot with' 
control system common to the 
robot and the equipment desig
ned for mass and large-scale 
production. The robot handles 
workpieces delivered to a pickup- 
station in proper orientation

Robot sited near 
process equipment

A single-program or multipro
gram robot with an individual 
CS or CS common to the robot 
and the equipment designed for 
large-scale, medium-scale, or, 
sometimes, small-lot produc
tion. The cell needs a conveyor 
or index magazine to deliver 
workpieces to a pickup station

Multirobot work cell

A few robots tending 
a group of machines 
whose number is 
smaller than that of 
IPs

Two 1 or more robots perform* 
various functions in servicing 
machine centers, press-forging 
machines, and other equipment. 
The control system can be indi
vidual or common to the robot 
and the equipment

A few robots tending 
a group of machines 
whose number is 
greater than that of 
IRs

■£

Single-program robots workj at 
a synchronous transfer line-in- 
tended to machine parts [in a 
fixed sequence of operations. 
Robots pick up parts delivered 
to predetermined positions and 
can place finished parts into- 
discharge boxes. Conveyors rand 
robots transfer parts from one 
work station to the next

Z 1

Multiprogram robots place and 
remove parts and transfer them 
from position to position, thus 
servicing production equipment 
designed for various purposes. 
It is possible to change the se
quence of operations and skip- 
some of them. Robots can pick 
up parts from and position, 
finished products into pallets. 
Workpieces arrive on conveyors, 
in index magazines, and in pal
lets
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Table 5.1. (continued)

Application Sketch Note

Single-robot  work cell

One robot servicing 
-a group of machines 
arranged in a circle 
•or row

The cell uses a multiprogram 
robot to service synchronously 
operated machines or a single
program robot to service inde
pendent machines whose number 
depends on the utilization fac
tor for the equipment and robot

4  3 *

A multiprogram robot tends an 
automated section or versatile 
transfer line used in large-, 
medium-, and small-scale pro
duction, with each lot exceeding 
20 pieces. The robot needs a 
program library and automatic 
replacement of tools

Multirobot work cell

Robot-equipment ar
rangements combined 
into automatic ma
nufacturing cell with 
common control sys
tem

Multiprogram robots operate at 
automated sections or versatile 
nonsynch ronous transfer lines 
uspd in mass, large-, and medi
um-scale production with a 
batch of parts going on line in 
excess of 50 pieces. The delivery 
of workpieces in orienting boxes 
(pallets) in combination with 
transport of parts from one 
work station to the next makes 
it possible to accumulate the 
stock for successive operations, 
to change the sequence of ope
rations and skip some of them. 
Multiprogram robots can pick 
up parts from and load them 
into boxes in proper orientation

Single-robot work cell

One robot performing 
a complete interme- 
-diate production 
operation:
robot transfers and 
works a part after 

-changing grippers and 
tools d ,

A multiprogram robot comple
tes a welding, painting, or an 
assembly operation. The control 
system is common to the entire 
cell
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T a b l e  5 . 1 .  { c o n t i n u e d . )

Application Sketch Note

conveyor operated 
through robot CS

o a o a  ###-► "

/ x A multiprogram robot comple
transports parts tes a welding, painting, or an 

assembly operation. The control
•r n n system is common to the entire’~tLLI cell

Multirobot work cell

A~group of robots of 
various production 
purposes performing 
a production opera
tion at position 5

A group of robots of 
the same production 
purpose performing 
a complete operation

A few single-program or mul* 
tiprogram robots that perform 
a complete operation have a  
control system common to the 
entire cell

Note. Designations: l , robot; 2, process equipment; 3, magazine with workpieces, fini
shed parts, or tools; 4, conveyor; 5, auxiliary devices to orient or fix parts in 
position; fi, auxiliary devices for inspection, measurement, etc. that enlarge ro
bot functions.

ally performs machining operations on 
parts, loads and unloads parts, locates 
and fixes them into position in the 
work area of the machine tool, and 
also keeps links with transport faci
lities and information units of the 
main equipment. A variety of this 
arrangement is a cell witn several 
robots which tend a group of machines 
whose number is smaller than that 
of robots Examples are robotic die 
casting'cells, sheet-stamping cells, and 
machine tool cells where one robot 
handles parts and the other changes 
tools ana loads the tool magazine. 
Apart from a robot, the cell may also

include a nonflexible manipulator 
(a robotic die casting cell may serve 
as an example).

Group servicing of equipment arrang
ed in a linear, linear-parallel, or a 
circular fashion may rely on the use 
of one robot which can perform the 
above-mentioned operations and trans
port parts between machines. The 
robot can also exercise a dispatching 
control over the operation of the cell 
equipment and the elements of trans
portation systems and additional me
chanisms.

A version of this makeup is a cell 
where a few robots tend a group of

17-082
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machine tools whose number is greater 
than that of robots. With such an ar
rangement of the cell it is possible 
to machine parts in any desired se
quence of operations and substantially 
cut down the idle time of the process 
equipment.

In the above type of cell the forms 
of utilization of the process equipment 
may vary with the scale of production: 
each machine tool can operate inde
pendently or the entire robotic cell 
can be made to function as a product
ion flow line. However, for a multi
robot work cell to be flexible, the 
process stock for each successive oper
ation must be available and ,the... 
arrangement must allow for skipping 
some operations on the parts of certain 
types and changing the sequence of 
operations. Robots must secure all 
independent delivery of parts to the 
machines and transportation of parts 
between the machines.

Individual performance of operations* 
such as welding, paint spraying, and 
assembly operations calls for special- 
purpose or universal robots. Here a ro
bot is the heart of a production cell 
in which various auxiliary, transport
ation, and orientation mechanisms 
and devices operate from the robot’s 
control system. This type of cell 
requires a multiprogram robot with 
an advanced sensory hardware organ
ization.

Group application of robots for per
forming basic production operations 
permits organizing a robotic system 
that can accomplish the entire pro
duction process. The cell may contain 
handling, special-purpose (production), 
universal, and other types of robots.

5.2. APPLICATIONS 
IN FOUNDRY PRACTICE

Die casting installations. Die casting 
machines (DCMs) largely come in 
single-type versions, so it is possible 
to find common design solutions to 
link these machines with means of 
automation.

The production equipment for die 
casting includes an electric furnace 
to distribute metal melt, die casting 
machine, arrangement to cool cast

ings, and trim press to cut off the 
gating system.

The die casting process begins with 
lubrication of the die injection plun
ger. With the movable and the station
ary part of the die being closed and 
locked, a shot of molten metal is 
taken from the holding furnace and 
poured into the chamber. The plunger 
then forces the liquid metal into 
the die cavity where the metal is 
hjeldifor a certain time to let it soli
dify. The die halves now open and the 
ejectors push off the cast part which 
is taken up and transferred to a cooling 
arrangement and then to a trim press 
to remove the gating system. Next 
the 'casting is, put into a container or 
on a conveyor. After cleaning the die 
of the burnt grease and flash with an air 
jet, the production cycle is repeated.

Means of automation of auxiliary 
operations. The operations of ladling 
out the molten metal from the holding 
furnace into the pressure chamber of 
a DCM are done by automatic ladles 
of Various types. Examples of the 
JIM 3 series automatic ladles produced 
in the USSR and recommendations 
for their application depending on 
the range of casting shots and die 
clamping forces are given in Tables 3.1,
3.2, and 3.3.

Dies can be air-cleaned and lub
ricated by means of special air jet 
blowers and sprayers supplied for each 
DCM and fastened to its base. Special 
automatic lubricators are now avail
able, which are manipulators with 
movable arms carrying blocks of in
jectors. Tables 3.1 and 3.4 present 
the designs and technical charac
teristics of the JIMC series automatic 
lubricators recommended for servicing 
DCMs. In a number of cases a cylin
drical coordinate or a spherical coor
dinate robot is put on the job to 
lubricate dies with a jet nozzle or a 
block of nozzles held in its arm and 
connected through a flexible hose 
to a pneumatic system and a lubricant 
feed unit.

Universal robots whose motions 
follow cylindrical or spherical coor
dinates are now used to unload ma
chines and transfer cast products in 
proper orientations to other work 
stations for subsequent operations.
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Table 5.2. Standard Robotic Die Casting Cells. Recommended Cell Makeups

Cell makeup .Type of equipment

Die casting machine: 711A07 71108 71109 7UA10 71111 71112
model 711A08 7UA09

711E08 711E09

clamping force, MN 1.6 2.5 4.0 6.3 8.0 10.0

mass of alloy 
in each shot, kg < 2 .5 < 5 .0 1.25-10.0 to o o 5 .0- 10.0

Electric furnace model CAT (3.16 CAT 0.25

Trim press of force, MN <  0.2 i <  0.4

Ladling manipulator model: 
JIM31.25 + + ... + I
JIM32.5 + + + i
JIM35 + + : + +
JIM310 + + + +
JIM320 • + +

Automatic mold lubricator JIMC-63 JIMC-80 JIMC-100 1 JIMC-U5

Robot model to remove and JIM5U. 4 5.01 JIM10II. 161.01, JIM20II.46.01
transport castings KM1.2511.42.15 Universal-15, KM 1 OH-42.01

Tsiklon-3B JIM40U47.00
Tsiklon-5C

Notes.  1. CeTlfe incorporate devices to keep check on extraction of castings and their 
I souridness, auxiliary devices to transport castings and to dispose of waste,- 
■ safety devices, and arrangements for cooling cast products.
2. The plus sign denotes that cells are complete with corresponding models o f  

automatic ladles.

In die casting shops, robot work 
cells are made up of robots and DCMs 
rated at a clamping force from 1 600 
to 10 000 MN. •

Tcj ensure the desired course of the 
die casting process provision should 
be made: to control the stability of 
a ipetal composition and its tempe
ra ttire; to check dies for proper remov
al of the residues-of grease and flash; 
to keep a watch on the extraction of 
castings and̂  to examine the removed 
products rlotf integrity (either visu
ally by the operator at the inspection 
station or with the aid of photodiode 
and photocell arrays, blocks t>f infra
red radiators and receptors, paicro-, 
switch boards, and other ;automatic*.

devices which provide information) 
on the size and shape of parts); to* 
prevent damage to cast surfaces not" 
destined for machining; and to reli
ably eject castings from dies.

Industrial safety regulations sti
pulate that a spring-loaded platform 
or any other interlock should be set up 
between the DCM and the robot (cast- 
ing extractor) to arrest the robot 
movement if the operator happens to- 
appear in its work envelope.

The customer can arrange the equip
ment about the robot at his own 
discretion taking into, ponsideratiom 
the conditions of production and’ 
types of equipment availably. 
Table 5.2 gives tne recommendations

17*



Fig. 5.3. layouts of robotic die casting cells
(a) using JIM40IJ.47.00 model robot; (6) using Tsiklon-3E; (c) using Tsiklon-5C equipped 
with shifting module; (d) using one Unimate to service two die casting machines; l ,  die 
casting machine; 2, electric furnace; 3, automatic ladle; 4, pumping unit; 5, automatic die 
lubricator; 6, die lubricating arrangement; 7, trim press; 3, cooling arrangement; 9, robot; 
10, spring-loaded interlock platform; l l ,  electric power supply and control system cabinet; 
12, control panel; 13, thermostatic temperature control setup; 14, conveyor
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1 7  3 4 [HI c

F ig . 5 .4 . Transfer lin e  m odel 53414 lor production of sh e ll molds
1, hydraulic power un it; 2, 3 , 4, e lectric  power su p p ly  and control sy stem  cabinets; 5, 
hydrau lic power unit; 5, table; 7, sh e ll m o ld in g  m achine; 8, m anip u lator rem ovin g  half
m olds; 9, lin e  control panel; 10, setup for assem b ly  and g lu in g  o f m olds

of how to make up standard robot 
work cells and Fig. 5.3 shows the 
examples of equipment layouts.

Permanent-mold casting machines. 
The permanent-mold casting process 
includes the operations of pouring the 
metal into molds, ejecting the castings 
and transporting them for cleaning 
and trimming. Cylindrical coordinate 
or spherical coordinate robots can 
perform the tasks of casting extraction 
and transportation. The robot removes 
the casting from the mold as it main
tains its grip on, say, the sprue and 
delivers it to the control station to 
examine the product for soundness. 
After receiving the signal that the 
casting has moved out of the mold 
completely, the robot carries the 
casting to the trim press to cut off 
the gating system.

Other foundry installations. A robot 
can perform the following operations. 
In the production of sand molds and 
cores, a robot turns over pattern 
plates, blows over molds, cores, and 
core boxes, paints molds and cores. 
In fettling of castings (cleaning, cutt
ing, and trimming), a robot hangs 
up casting^ and takes them off the 
holders in shotblasting chambers, 
plays a sandblast or shotblast gun 
on castings, blows out casting cavities 
after decoring (core shakeout and

tumbling). In centrifugal casting, a 
robot pours metal into molds, removes 
and delivers castings to a conveyor, 
cleans and paints molds. In invest
ment casting (using expendable pat
terns), a robot suspends on and re
moves from the hangers of a chain 
conveyor pouring basin patterns, trees 
of investment patterns, blocks of 
pattern pieces, shells, and molds and 
also coats shells with a refractory 
suspension, grasps blocks, places them 
on semiautomatic machines to clean 
castings of ceramic residues and de
livers castings to a trim press to 
remove the gating system. In shell 
casting, a robot services the automatic 
transfer line intended to manufacture 
shell molds, places cores in molds, 
and delivers molds to shakeout and 
fettling stations.

To carry out the above operations, 
the robots of various types are used: 
the Unimate, Versatran, ASEA, Uni- 
versal-15, Universal-50, and 24 mo
difications of the J1M40LJ.47.00 series 
robot constructed on the modular 
principle.

The transfer line model 53414 for 
manufacture of shell molds from dry 
thermoset compounds on a mass and 
a large scale is shown in Fig. 5.4. 
It consists of a machine model 51214 
for production of shell half-molds
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Fig. 5 .5 . Exam ples of robot in sta lla tion  arrangem ents for au tom ation  of foundry operations 
(a) sh e ll core-m aking in hot core boxes; (6) se tt in g  of cores in m olds; (c) transfer of g lu ed  
shell m olds; (d) assem bly  and tran sportation  of half-m olds; I ,  robot; 2, sh e ll core-m aking  
m achine; 3, rotary index table; 4 , portable round p a lle t for cores; 5, sp ray in g  cham ber; 
6, chain conveyor; 7, robot; 3 , 9, index conveyors; 19, p a lle ts  w ith  cores; 12, m olds; 
12, m achine for assem bly  and g lu in g  of sh e ll m olds; 23, robot; 24, in d ex in g  e x it  conveyor; 
23, m achine for production and g lu in g  of half-m olds: 23, in le t  tab le; 27, con tact bar for 
sw itch in g  on an air blow er to  clean  h alf-m old  and m old  cav ities; 23, 23, a ir su p p ly  lin es to  
blow  off m old  cav ities; 29, half-m old; 20, ta b le  rece iv in g  fin ish ed  m olds; 21, au tom atic  step -  
by-step lift in g  m echanism ; 22, robot, 24, gripper

and an installation model 51514 
for assembly of molds. The machine 
model 51214 is a four-station rotary- 
table setup with gas heating of pat
terns and half-molds. It incorporates 
a feed hopper and a manipulator to 
remove half-molds from a pattern 
plate.|Shell half-molds are built up 
by a gravitational method using a 
revolving hopper with a slide sector 
gate. A manipulator or a robot grasps 
a shell on'the flange, turns it over to 
have its parting plane facing upward, 
and places the shell on a receiving 
table. As the table goes down, the 
shell rests on guideways of a push- 
bar conveyor. This conveyor, the

half-mold manipulator, the batcher 
that meters out a glue to apply a coat 
to the parting of a lower half-mold, 
the mold assembly setup, and the 
four-station rotary-table mold-gluing 
machine constitute the installation 
model 51514. The operator inserts 
cores into shell halves as the latter 
move on the conveyor. The finished 
molds are ejected from the four-sta
tion machine on to a support. The 
line turns out 35 molds in an hour. 
Each mold is 800 mm long, 600 mm 
wide, and 400 mm high. The tempe
rature of molds is controlled auto
matically.
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The robot work cell for production 
of shell cores in hot core boxes appears 
in Fig. 5.5a. Shell cores are made by 
a SHALCO machine (Great Britain) 
which automatically delivers them 
to a preset position in core boxes. A 
PR-16 robot (CSR) picks up a core 
and places it on a plate in the work 
area of a spraying chamber 5 for coat
ing the core. The spraying being over, 
the robot loads the core into a nest 
of a round pallet 4 mounted on a ro
tary index table 3. After the robot 
loads the pallet with cores, the human 
operator hangs up the pallet on the 
hook of an overhead chain conveyor 
d, which delivers the pallet to the 
mold assembly station. The same 
conveyor also delivers empty pallets 
to the index table 3. The operator 
then takes off each pallet and fixes it 
in position on the table. Cores measure 
450 X 400 X 100 mm at most, their 
mass ranging from 5 to 15 kg; the 
core surface temperature reaches 300°C. 
The cycle time is 2 to 4 min. The cell 
is manned by one human operator 
who loads and unloads the index table 
and chain conveyor and checks cores 
forjquality. All units of the cell operate 
in synchronism by commands from 
the PR-16 robot’s control system.

The robot work cell for setting cores 
in molds is shown in Fig. 5.56. The 
index conveyors 8 and 9 deliver pallets 
10 with cores resting in orienting 
nests and boxes with molds 11 to a 
PR-16 robot. The robot 7 then exe
cutes the pick-and-place program. It 
takes off cores from the pallet 10 
and inserts them into appropriate 
core-print seats in the mold 11. A 
check on the accuracy of core setting 
is made by photodetectors operating 
on the sight check principle. One 
operator attends the mold assembly 
cell and controls the operation of the 
entire equipment. The conveyors move 
by the commands of the robot control 
system. The time it takes the robot 
to set in one core is 20 s.

The cell using a robot to transfer 
glued shell'molds from a mold assembly 
machine to a conveyor is shown in 
Fig. 5.5c. The PR-16 robot 13 picks 
up a finished mold resting in a preset 
position on the index table of a ma
chine 12 and places it on an index

outfeed conveyor. The machine makes 
molds that measure 600 X 540 X 
X 70 mm, their mass being up to 
15 kg; the temperature of molds is 
over 150°C. The working cycle re
quired to produce a mold and place it 
on the conveyor lasts 10 min. One 
worker attends two robot work cells; 
he controls the operation of equip
ment and checks molds for quality.

The robot work cell for assembly of 
half-molds is illustrated in Fig. 5.5d. 
The robot inserts cores in a half
mold, picks it up from the inlet table 
and transfers the half-mold to the 
assembly station. Next the robot 
grasps a second half-mold preliminar
ily sprayed with a cementing com
pound, turns it over during transfer, 
places the half-mold on the first half
mold, and then loads it into a drying 
setup. Then the robot carries over the 
glued mold on to an outgoing conveyor.

5.3. PRESS WORK
AND FORGING APPLICATIONS

Press work and forging automation 
with the aid of robots is put into ef
fect by evolving robotized production 
shops for metal stock preparation, 
sheet-metal stamping, cold and hot 
die forging, hammer forging, and 
plastic and powder molding.

The recommendations for the ap
plication of industrial robots and 
manipulators in various press-forg
ing plants are given in Table 5.3. 
The differences in the production 
processes of mechanical working, in 
the design and manufacturing para
meters of equipment, and in the degree 
of equipment preparedness for ope
ration with robots motivate the need 
for various means of mechanization 
and automation of press-forging ma
chinery.

Cold stamping and cold forging have 
the following features in common: 
a short duration of the work cycle, 
stability of shaping, appreciable chang
es in the shape of a blank from one 
manufacturing step to another, in
creased level of vibrations, and pre
sence of impact loads.

The main requirements placed on
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robots are that they should be quick- 
acting, readily set up for new tasks, 
-allow the replacement of gripping 
mechanisms, and execute accurate 
motions. Fixed sequence pneumatic 
robots most fully satisfy these requi
rements. They can grasp workpieces 
from a preset position, load them into 
a die and take off the forged part.

Drop forging (hammer forging and 
-closed-die forging) is a hot forging 

rocess in which it is necessary to 
eat billets and maintain the desired 

temperature in the course of metal 
working, so the time needed to trans
fer a piece from the heating chamber to 
the work area must be at a minimum. 
The work cycle here involves a mul
tistep hammering Jon one machine to 
give the piece the required form. The 
process is noisy due to impacts and 
vibrations, and pollutes the air with 
fumes and gases.

The robots adopted for forging 
must move fast, control the tempera
ture of pieces and properly orient 
them at all stages of shaping.

In hammer forging (open-die forg
ing) auxiliary labor-consuming tasks 
are carried out by manual control 
manipulators and forging manipula
tors (complete automation is difficult 
to implement since the process is 
unstable).

Pieces recommended for mechanical 
working in a robot work cell. High 
rates of metal working call for the 
oriented delivery of pieces one at a 
time to the load position. The shape 
of pieces and parts worked at inter
mediate steps must be aTmatch for 
oach successive unit of machinery. 
Also, the piece shape must allow for 
transitional motions and reorientat
ion in the space between the dies dur
ing a multistep operation on the same 
machine with an identical location 
of pieces at all stages of working. It 
is thus advisable to use a robot to 
automate first of all the operations 
of loading and unloading the simplest 
parts that have clearly defined dat
um planes, local orientation areas, 
and surfaces to be grasped to hold 
parts. The use of robots to perform 
loading-unloading tasks is impractic
able where the starting metal stock 
lias the shape of a bar, strip, or coiled

tape and wire. In this case presses 
can be loaded with the aid of feed me
chanisms of the roller, wedge, fork, 
and Jdrag types. A piece can be re
moved from the work area by letting 
it fall through or slide along the 
chute, or it can be pushed off and down 
by the next piece loaded into the 
press.

The characteristics of parts of the 
simplest types which conform to the 
above requirements are given in 
Table 5.4.

In sheet metal stamping, parts and 
blanks must comply with the follow
ing additional requirements which 
are common for the pieces conveyed 
by robots, transfer arms, feeders, or 
any other means of automation:

—parts shaped in a few operations 
on various presses must lie in the 
bottom section of a die and take a 
preset position after the completion 
of each step;

—burrs must not cause the parts 
stored in a feeder or delivered to the 
pickup position to stick together;

—the deviation from planeness and 
the change in the dimensions of a 
piece must not exceed]2% of its length 
or width, depending on the direction 
of its feed Jin to the work area of the 
press;

—nonmagnetic flat blanks must 
be degreased before being delivered 
to the starting load position.

General requirements for equipment, 
tooling, and devices making up a 
robot work cell. To tend properly tho 
machines within the robot work cell 
the press-forging equipment must 
comply with the following require
ments:

—structure elements including ac
tuators and other mechanisms of tho 
equipment, and also the shape and 
space of the work area must allow tho 
robot to load and unload parts and 
dispose of scrap, and must afford 
visual control over the course of the 
forging process;

—the equipment must be completo 
with sensors to control the initial 
position of working mechanisms and 
to signal for the end of the production 
operation;

—control circuitry and electronic 
devices must have connectors to link
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Fig. 5.6. Robot work cell for cutting starting materials into blanks
(o) 250-kg payload manipulator handling sheet and bar blanks; (b) cell layout comprising 
a shear and two robots; I, 10, containers for sheared blanks; 2, u ,  robots; 3, power supply 
unit; 4t automatic rack feeding rods one at a time; 6, scraps disposal bin; 7, chain conveyor; 
3, roller conveyor; 9, control panel; 12, safety fence
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the control system to feedback lines 
to enable tne production equipment 
to work in step with the robot and 
auxiliary equipment and to ensure 
interlocking in response to the com
mands from the robot;

—drop stamping presses, exclusive 
of high-speed hammers, must be 
complete with devices that can pro
gram the power and the number of 
blows required at each stamping step;

—the equipment control system 
must keep check on the operation of 
devices and mechanisms which push 
parts or semiproducts from the die 
and tix them in definite positions 
or remove from the work area;

—dies must have arresters, guide 
pins and other elements to position 
the parts for robot pickup and also 
sensors to check the blanks for pro
per location in dies.

Ejectors should be available for 
dies to push off the formed parts into 
oriented positions (except for dies 
with “fall-through” discharge). Stamp
ing trimmings left on the die face 
must be removed by robots or other 
mechanisms equipped with sensors 
to shape signals indicative of scrap 
removal.

The blanks arriving at the machine 
load station on conveyors, in hoppers 
and magazines must be kept in fixed 
and oriented positions convenient 
for the robot to pick up one piece at 
a time. It is necessary to site sensors 
on transport facilities or on the robot 
gripper to control a piecemeal extract
ion of blanks from pallets. The sen
sors shape an interlock signal if a 
piece occupies an unoriented posit
ion or the robot grasps two or more 
pieces. Intermediate transport fa
cilities that link the cell machines 
together must also convey blanks and 
semifinished parts from one work 
station to the next in proper orientat
ions.

In hot forging cells the distance 
between the heating chambers and the 
forging presses must be at a minimum 
to keep- th‘e process running under 
stable temperature conditions.

A robot control system exercises 
the central and dispatch monitoring 
of the process equipment and various 
devices and mechanisms and syn

chronizes the operation of the entire 
machinery.

Standard robot work cells. The re
commendations for the choice of equip
ment and robots to form robotic cells 
are given in Table 5.3.

The materials required for in-pro
cess stock usually come in strip 
coils, wire bundles, long bars, etc. 
It is impracticable to automate blank
ing machines by using robots to han
dle such starting materials. Robots 
find use for unloading piece blanks 
from shears. Fig. 5.6a shows a 250-kg 
capacity cycle control robot intended 
to pick up and place in stacks bar and 
sheet blanks and finished parts com
ing on roller conveyors from straight- 
eners, sheet and bar shears, and sheet 
stamping presses. As seen from the 
figure, the rotational column and 
pumping unit rest on a common pe
destal. The extensible arm has an 
adjustable electromagnetic pickup 
made as a frame from four parallel link 
mechanisms, or it can carry a gripper 
if necessary. The arm’s stroke back 
or forth is 1 200 mm; the motion up 
or down reaches 1 000 mm. The robot 
design provides for manual control 
from a push-button board.

Figure 5.66 illustrates a manufac
turing cell comprising two robots and 
shears for cutting round bars. The 
robots pick up sheared bar blanks from 
the conveyor and place them into 
containers. A set of sensors controls 
the positions of the blanks on the 
conveyor and shapes the command 
signals to sequence the operation of 
the robots and equipment.

Robotic cells for single-crank presses. 
These presses perform the cutting, 
piercing, and stamping operations. 
Single-crank double-acting presses 
carry out the deep drawing and cutt
ing operations.

The cell makeup with a robot tend
ing a single-crank single-acting press 
appears in Fig. 5.7. Where a robot 
services a single-crank double-acting 
press, the cell includes a lubricator 
to grease a blank before stamping. 
The robot picks up stamped parts 
and places them into special boxes on 
the conveyor and also removes spoil
age. It is also possible to dispose of 
parts by letting them fall through
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1

Fig. 5.7. Cell layout comprising a robot 
and single-c<*ank single-acting press 
I, power supply unit; 2, press; 3, piece 

feed mechanism; 4, carriage for stamped 
parts; 5, robot control system; 6t sensory 
hardware; 7, safety fence; 8, robot

into a box (on a slide or a car) posit
ioned under the press table.

The set of operations performed by 
a robot depends on its design and 
auxiliary devices available. In the 
general case, a robot can execute one

of the following tasks: (1) grasp a 
blank from the feeder, transfer it 
to the work area of the press and load 
the blank into the die; (2) pick up 
the stamped part and place it into 
a box on the conveyor. The robot 
can also remove waste from the work 
area. It then swings back and places 
a spoiled part into the waste bin.

Robotic cells for double-crank single- 
acting presses. The presses cut and 

ierce blanks, stamp parts, form and 
end large parts and small parts if 

a press has two dies. The layouts of 
standard robotic cells are shown in 
Fig. 5.8. The robots load or unload 
the presses.
U Robotic cells for knuckle-joint coin
ing presses. The presses coin, mark, 
size, emboss, and straighten parts, 
both cold and hot, in a single operat
ion. Robots mainly service 4-MN 
presses which constitute a majority 
of the presses of this group. They 
load and unload medium-size and 
large pieces; the handling operations 
on small pieces are usually done by 
transfer arms and clamp-type load- 
ers/unloaders.

The robotic cell depicted in Fig. 5.9 
includes a coining press, a robot which 
loads and unloads the press, a special 
feed hopper delivering unoriented 
pieces, one at a time, to'an orienting 
device, a discharge hopper or car to 
remove parts, a set of sensors to ccl-

Fig. 5.8. Cell layouts for stamping two parts at a time («). and one part (b) on double-crank 
single-acting presses
l f robot control system; 2, press; 3, safety fence; 4, robot; ‘5, carriage for stamped parts; 
6, piece feed magazine; 7, blanks
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lect information on peripheral equip
ment and a set of grasping mechanisms. 
If the operation involves hot forming, 
the cell includes a heating chamber 
with a piece-by-piece feed mechanism 
and an outfit to deliver a lubricant 
to the die and blow off the scale.

Robotic cells for hot forging crank 
presses. These presses perform upset
ting, preforming and final shaping, 
fullering, bending, drawing, extrud
ing (direct, indirect, and composite), 
sizing, piercing, and deflashing ope
rations. The presses have upper and 
lower pushers which eject forgings 
from dies and thus facilitate the 
mechanization and automation of 
the process.

Figure 5.10a displays a cell layout 
with robots arranged at the front of 
presses and Fig. 5.106, illustrates an 
installation with robots sited at flanks. 
Either of the two cells comprises 
presses, mechanisms to deliver a lub
ricant into die impressions and blow 
off the scale, sensory hardware, and 
grippers. The cell of Fig. 5.10a also 
includes a loader 1 (a robot or ma
nual manipulator) which places a 
piece into a roughing die impression, 
a conveyor 2 to transport pieces from 
an induction billet heater or from forg
ing rolls, a robot 5 to reload die im
pressions, and a robot or unloader 4 
to remove forgings from the work area. 
The cell of Fig. 5.106 has an infeed 
and an outfeed step-by-step chain 
conveyor and two robots. One robot 
loads a billet into a roughing impres
sion and transfers it to a forming im
pression and the other robot removes 
the piece from the forming impression 
and places it into a finishing impres
sion or into a deflashing impression 
and also carries away the forging 
from the work area.

The heating arrangements are in
duction (high-frequency) heaters, 
high-speed gas reheating furnaces, and 
molten salt pots from which hot bil
lots are fed into forging rolls or deli
vered directly to the production cell. 
Heating in a salt melt is more pre
ferable .sine# a small amount of salt 
left on billets serves as a good lubric- 
nnt required in the forging operation.

Robotic cells for friction screw pres
ses. These presses do both hot and

Fig. 5.9. Cell layout with a robot and coi
ning press
2, blank orienting device; '2, robot control 
system; 3, press; 4, power supply unit; 
5, magazine for finished parts; 6, safety 
fence; 7, robot; 8, hopper delivering one 
blank at a time to orienting device

Fig. 5.10. Robotic hot forging cells with 
robots arranged at the front of presses (a) and 
with robots sited at flanks (6)
2, loader; 2, chain conveyor; 3, press; 
4, unloader; 5, robot servicing the press; 
6, robot loading the press; 7, entry chain 
conveyor; 8, spoilage bin; 9, spoilage con
veyor; 10, press; 22, robot unloading the 
press; 12, conveyor for forged pieces
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and friction screw press 
I, press; 2% car for forged products; 3, robot; 
4% induction heater with hopper and piece feed 
magazine; 5, safety fence; 6t robot control 
system

cold work on metals: they forge, bend, 
straighten, and size pieces. The pres
ses have dies with lower ejectors to 
facilitate the removal of forgings. The 
robots incorporated into cells load 
and unload presses. The layout of 
a robotic hot forging cell is shown in 
Fig. 5.11. A cold forging cell does not 
need an induction heater and only 
employs a storage bin and a device 
for piece-by-piece feed of billets to 
a pickup position (such as shown at 
3 in Fig. 5.7).

Robotic cells for rotary swaging roll 
forging and electric upsetting machines. 
These cells incorporate robots of the 
KM160LJ43.21 model intended to 
load and unload parts up to 80 kg in 
mass. This type of robot (Fig. 5.12) 
is a five-axis two-arm cycle-control

Fig. 5.13. Robotic cell using the KM160U. 
43.21 robot to service a rotary swaging ma
chine (a) and roll forging machine (b)
I, robot; 2, infeed conveyor; 3, outfeed 
conveyor; 4t rotary swaging machine; 5, ro
bot control system; 6, safety fence; 7, roll 
forging machine; 8, box for forgings; 
9, heater

hydraulically-powered manipulator 
programmable through adjustable 
stops for the end positions of motions. 
The memory capacity of the control 
system reaches 128 commands; re
peatability is + 2 .5  mm. The arm* 
move along their axes for 710 mm at 
1 m/s. The carriage with two arms 
travels up or down for 600 mm and 
back or forth for 200 mm at 0.4 m/s 
and can also swing through 135° at 
a speed of 60°/s. The cell layouts 
using these robots to service rotary 
swaging and roll forging machines 
are shown in Fig. 5.13.

Robotic cells for trim presses
(Fig. 5.14). The presses trim the 
flash off forgings worked on hot forg
ing crank presses. A robot in the cell

Fig. 5.12. Robot model KM1601t.43.21

picks up a forging from the feeder, 
loads it into the press to cut off the 
flash, and then places the trimmed 
forging and flash into separate boxes.

Robotic cells for hydraulic plastic 
molding presses (Fig. 5.15). A robot 
grasps a hot preform at the outlet 
station of a high-frequency heater, 
puts it into the mold, removes tho 
molded part,. and transfers it to tho 
next station for subsequent treatment.
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rig. 5.14. Cell layout comprising a robot 
und trim press
/, robot; 2, feeder allowing the robot to 
>ick up one forging at a time; 3, hopper for 
lash discharged by chute; 4, press; 5, hop

per for scraps; 6, hopper for trimmed pieces; 
7, robot control system

Robotic drop forging cells are built 
up of high-speed hydraulic presses 
und interactive robots of the MKII-2.5 
type (see Ch. 4).

Automatic transfer lines based on 
robotic cells. The development of 
standard robot work cells makes it

possible to combine these cells in 
a variety of configurations to form 
multifunctional transfer lines, or ro
botized manufacturing systems in
tended for mechanical working.

Soviet robot engineering has de
veloped four types of standard ro
botic cells composed of two-arm and 
three-arm robots and single-crank 
single-acting presses (Fig. 5.16). The 
PTK-1 and PTK-3 cells are complete 
with special magazine-type feed de
vices which permit the cells to operate 
on the self-contained basis in the 
automatic mode. The PTK-2 and 
PTK-4 are equipped with step-by- 
step conveyors loaded manually or 
by robots. These conveyors link to
gether the cells comprising a transfer 
line. Fig. 5.17 shows various layouts 
of transfer lines made up of cells of 
the four types. Table 5.5 presents 
the recommended arrangements of 
transfer lines on the basis of the above 
types of cell.

The transfer lines composed of 
standard robotic cells have a tra
ditional linear arrangement of equip
ment, which makes for a convenient 
way of the flow of products. Robotic 
cells of various purposes, for example,

Fig. 5.15. Robotic plastic-molding cell
1, induction heater with mechanism for feeding preforms one at a time*to pickup station;
2, hydraulic molding presses; 3, box for molded pieces; 4, robot; 5, robot control system
1 8 - 0 8 2
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Fig. 5.17. Layouts of transfer lines made up of robot work cells
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fig. 5.18. Automated stamping and marking workshop section with two SR-10 robots (the 
cell of Shinko-Denky Co.)
(«) general view; (b) layout

hot forging and trimming cells, can 
be combined to build up the integrat
ed transfer lines for hot and cold 
forging.

Figure 5.18 displays an automated 
hlamping and marking workshop sect
ion at Shinko-Denky Co. (Japan), 
which employs two SR-10 robots. 
The filled pan 1 turns over and drops 
blanks into a vibrating hopper 2 
with a lifting lid 9. The hopper orients 
I he blanks and discharges them on 
to a powered roller conveyor which 
delivers the blanks to an induction 
heater 3. The robot 4 transfers the

Table 5.5. Transfer Line Combinations 
I sing Standard Robotic Cells

Makeup 
(see Fig. 

5.17)
Robotic cell (see Fig. 5.16)

1 PTK-1
2 PTK-1 and PTK-2
3 PTK-3
4 PTK-1 and two PTK-2
5 PTK-1 and PTK-4
6 PTK-3 and PTK-2
7 PTK-1 and three PTK-2
8 PTK-1.*,PTK-4, and PTK-2
9 PTtf-i; PTK-2, and PTK-4

10 PTK-3 and two PTK-2
11 PTK-3 and PTK-4
12 PTK-1 and four PTK-2
13 PTK-1 and two PTK-4
14 PTK-3, PTK-2, and PTK-4

blanks from the conveyor to the first 
die impression of a hot forging press 
6 and then removes them into the 
second die impression. The robot 7 
picks up the blanks from the second 
impression and loads them into the 
third impression. The same robot 
loads and unloads a marking machine 
8. The production cell operates from 
a central control panel 5.

5.4. HEAT TREATMENT 
APPLICATIONS

Figure 5.19 illustrates a SR-10 
robot work cell (at Shinko-Denky, 
Japan) for the induction hardening 
and tempering of gear wheels.

Fujikoshi Company (Japan) has 
employed a Uniman-2000 robot to 
automate auxiliary operations in 
workshop sections for die hardening 
of large-size parts such as bearing 
shells and gear wheels up to 50 kg 
in mass. One of such sections is shown 
in Fig. 5.20. The parts are carburized 
and heated up to 900°C in a case 
hardening furnace. The pusher 
removes each pair of parts placed one 
on the other and delivers it to a pickup 
position. The robot 4 transfers the 
stack to a load position 8. The mani
pulator 7 loads the upper and the lower

is*
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Fig. 5.19. SR-10 robot work cell at Shinko-Denky for induction hardeningfand tempering of 
gear wheels
<a) general view; (6) layout; I, five-position storage for parts; 2, hf generator; 3t revolving 
table with induction heater; 4, quenching bath; 5, tunnel temper furnace; 6, box for fi
nished parts; 7, robot; S, fork

Fig. 5.20. Uniman-2000 robot of Fujikoshi Company for die hardening of large-size part* 
l # control unit; 2, table; 3, case hardening furnace; 4, robot; 5, 6, quenching presses; 
7, manipulator; 8, load position
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part into two presses, following which 
the rob.ot picks up. refractory saggers 
and places them in stacks on a table 2. 
The hardening cycle being over, the 
transfer arm takes up and drops the 
parts on a slide to let them roll down 
on to the outgoing conveyor.

5.5. APPLICATIONS 
TO MACHINE-TOOLS

i t '  ‘ ■ • ! !

Choice of parts to be handled hy robots.
Robots can be used to advantage,- 
particularly in short-run production, 
to load, unload, and transport from, 
machine to |machine simple parts; 
w|iich, however, must be ’ chosen 
according* to the requirements pre
sented below19.

The selected parts must be $uch 
that they Can be classified into groups' 
by design! and production features. 
This will make it possible to organi
ze production on the integrated basis, 
unify the machining operations, and 
oipploy the process equipment and 
auxiliary equipment of few types. 
The parts must have clearly defined 
datum surfaces and well-cut orienta
tion portions to allow for their trans-J 
portation and warehousing in an orien-i 
tod manner using standard ; storage 
units.! |

The parts of the same group must 
be homogenous as regards the shape 
and location ;of their datum surfaces 
and surfaces to be grasped. It will 
then be possible to transfer the parts 
to and locate them in the machine’s 
work area without additional adjust
ments and also to use universal at
tachments for positioning and fasten
ing the parts.

The design of an object of manipu
lation must allow the robot to grasp, 
reliably hold, and transfer the part. 
In grouping the parts by their design 
features, provision should be made 
to minimize the list of gripping me
chanisms and to use wide-opening 
grippers. Where there is a need to 
change over for .-another object of 
manipulation, steps must be taken 
to reduce to a minimum the number 
of gripper replacements and robot 
setting-up operations during the ma
chining cycle within one robotic cell.

The parts satisfying the above re
quirements belong to classes 40 and 
50 according to the identification 
manual20. The characteristics of these 
classes including the methods of 
grasping the parts by a robot appear 
in Table 5.6.

The parts complex in configurat
ion, with datum surfaces greatly 
varying in shape and position (forks, 
levers, links, shaped casings, etc.), 
rfequjre special locating and gripping 
mechanisms, particularly where the 
range of these parts destined for 
machining is very wide. The; use of 
robots to loald and unload these parts 
from, and into machine tools pays off 
only iin massjaUd jlarge-lot production.

Fot transportation of parts over 
500 Kg in mass the use of the plant 
hoisting-and-conveying machinery is 
as a in\e most economical. Such heavy 
parts usually require a Ions time for 
their! machining on one machine tool. 
So it' is more advantageous to employ 
manual manipulators or shop handling 
facilities to load and unload heavy 
parts.

The workpieces to be machined in 
robot work cells must meet more se
vere . requirements. The welded and 
forged stock and also cut rolled stock 
must: be ground to remove burrs and 
make welds smooth. Ferrous and 
nonferrous castings must be properly 
fettled and trimmed. It is advisable 
to anneal hard alloy steel workpieces. 
Critical castings should be properly 
laid out and worked to the marking.

The workpieces machined in ro
botic cells should be checked for size 
and hardness to . rule out the break
down of cutting tools, automatic hand
ling facilities, and robots.

Requirements for metal-cutting ma
chine tools entering robotic cells. The 
equipment of robotic cells comprises 
modernized conventional machine 
tools or specially developed semiauto
matic machines, including NC types.

The machines incorporated into 
robot work cells must fill both general 
requirements and requirements spe
cific to the conditions of the joint ope
ration of the machines with robots 
in an automated workshop section. 
The machines must ensure a high 
output and, where possible, perform
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a wide range of operations which over
lap to a considerable extent. They 
must be built up of highly unified 
blocks and components and have stan
dard tools and attachments. Also, 
they should allow tor the automatic 
tool replacement during idle runs 
and be complete with chip crushers 
and mechanisms for- chip- removal 
from the putting Area.

The, layouts must afford the con
venience for servicing the machines 
by human operators and robots. In 
designing new machine tools, pro
vision should be made for the allo
cation of robots in work areas remote 
from attendants. In all cases, the ope
rator must supervise the cell where 
the safety requirements are fully 
met and .convenient access to the 
work area of the machine and its 
controls is provided. It is good pract
ice to equip the machine tools with 
devices to control the dimensional 
accuracy of machined parts. It is 
necessary to provide interfaces for 
linking the control systems of the 
robpt and the machine and also to 
furnish a shop section with sensors 
to collect data on the environment and 
operation of machine mechanisms and 
thus ensure control over the entire 
cell.

Machine designs should envisage 
the automation of some process steps 
required, for example, to clamp the 
work in a chuck or between the cen
ters, to grip the end of a piece by 
a carrier, to fix the piece in a vice 
or an electromagnetic table, etc., 
depending on the type of working. 
To locate correctly the parts of the 
flange type, it is of much importance 
to automatically clamp a piece against 
the chuck face. The machine tools 
must be fitted with sensors to enable 
the correct and reliable positioning 
of parts in fixtures, mechanisms to 
open and close automatically safety 
shields guarding the work area, de
vices to blow out and wash over the 
datum surfaces of fixtures such as 
chucks, cpnters, vices, tables, and 
other outfit. The machine control 
systems must have channels to ex
change signal information with robots 
on the execution of all interrelated 
operations.

In evolving special equipment such 
as automatic NC machine tools for 
work with robots, it is wise to contem
plate the following:

— secure free access to the work 
area from the top or from the rear 
side of the machine and also separate 
the operator’s service area from the 
robot’s service area to provide for 
Safety of attendants and permit the 
operator to keep a watch on the mach
inery, load and control the machine 
tool, or service it manually if Neces
sary;

—envisage simultaneous machin
ing along a few coordinates and exe-’ 
cution of multiple operations;

—equip machines with automatic 
tool-changing devices;

—provide control systems which 
can program a machine to work the 
first workpiece by the teaching method 
and thus render a robotic cell cost* 
effective even where the runs are 
very short, 5 to 10 pieces in a lot.

The designer must pay particular 
attention to the reliable operation 
of maehine tools and mechanisms 
which enter the robot work cell.

Some types of equipment must sa
tisfy additional requirements. For 
example, lathes must be capable of 
cutting threads under the command 
of an NC control system. In grinders,> 
NC systems must control thread grind
ing, contour forming, and form dress
ing of wheels. Center and chuck- 
center lathes must be complete with 
adjustable steady rests. Chuck lathes 
must be fitted out with automatic 
spindle-indexing devices since the 
latter can extend the capabilities of 
lathe-robot setups, namely, permit 
the robot to load and unload flat parts 
and thin parts following the mutual 
turn of the chuck jaws and gripper 
jaws. Some machine tools must allow 
for a small angular velocity of a 
spindle to enable the robot to control 
the wobble of parts. Circular and 
circular face grinders should have 
self-tightening chucks. The best con
figuration for centering-milling ma
chines is the one where the axis of 
motion of a clamping vice lies at 
60° relative to the vertical plane. It 
is then possible to service these ma
chines by a variety of modern robots
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executing motions in different coor
dinate systems. The above millers 
should be numerically controlled ma
chines; NG systems can substantially 
raise the utilization factor of millers 
and permit incorporating them into 
automated workshop sections design
ed to machine a wide range of parts.

Auxiliary equipment of robot work 
cells and tooling. Auxiliary equipment 
includes: (1) transport-storage faci
lities to gather, store, orient, feed, 
and convey parts inside a production 
cell or between cells; (2) locating 
devices and control instruments; (3) 
means to provide industrial safety 
and trouble-free running of the equip
ment, etc.

Transport-storage facilities do not 
generally have channels to commu
nicate with one another and receive 
commands from production equip
ment and robots. When making a 
choice of or developing mobile stor
age units consideration should be 
given to the method of storage and 
feed of parts, capacity of feeders, and 
the method of orientation and com
pletion of sets of parts at the start 
position of the robotic cell. The cell 
make-up should allow for integrating 
the cell transport system with inter
plant and shop transportation means.

Metal-cutting machinery uses a 
wide range of various tools and attach
ments to ensure the desired accuracy 
of machining. In developing auto
mated machine systems to be serviced 
by robots, auxiliaries should be cho
sen proceeding from the following.

1. A robot cannot position a part 
into the locating fixture to the final 
precision because it is not always pos
sible for the robot to insert a part into 
the fixture area with a clearance con
formable to the fit tolerances stipu
lated for the part and fixture being 
mated.

2. Attachments must compliantly 
aid the robot, if need be, to insert 
a part and accurately position and 
reliably fasten parts during machin
ing. . -  ?

3. The sensory hardware must be 
available for a machine tool to con
trol the position of and the clamp on 
a part in the locating fixture in the 
course of the working process; this

hardware can also be built into the 
robot’s gripper.

The available outfit needs pre
liminary checks and sometimes mo
difications to make it suitable for 
use in robot work cells.

It is safe to recommend the follow
ing outfit for use in robotic cells- 
without making additional changes 
in its design: centers, driver plates 
with floating centers, face driver 
plates, and self-centering three-jaw 
chucks for lathes; automatic self
clamping vice and fixtures which 
clamp parts in angular positions for 
milling, drilling, centering, broach
ing machines. The machine tools of a 
number of models come complete 
with other types of auxiliaries such 
as magnetic tables and automatic 
clamps.

The main types of RC with a robot 
servicing one or more machine tools.
The choice of machines and auxiliary 
equipment and. also the cell layout 
largely depend on the technical cha
racteristics of available robots, pri
marily on the coordinate systems in 
which the robots can execute basic 
motions.

PTK-1 cells are built around over
head robots which move in a plane 
rectangular (or close to rectangular) 
coordinate system and load machine' 
tools (chucking machines) either from 
the top or from one side. The cell can 
have one or more machines arranged' 
in one row. It includes auxiliary de
vices which automatically deliver 
workpieces in a proper orientation- 
to a fixed loading position. This po
sition, the machine spindle, and the 
monorail along which the robot mov
es—all lie in the same vertical plane. 
The auxiliary devices include index 
tables, step-by-step conveyors, po
wered magazines (feeders) delivering 
pieces one at a time, etc. PTK-1 cells- 
grouped together in any of the desir
ed configurations form automatic 
transfer lines and automated shop 
sections employed in mass and large- 
scale production. Such cells can use- 
robots built into the equipment (the 
CM80U.25.01 model or Pirin mani
pulator of the cantilever type) or 
self-contained robots with arms mount
ed on a carriage which rides a mono-
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Fig. 5.21. Automated workshop section, 
model CM-PCflOl, for machining cylindrical 
workpieces
(a) layout; (6) arrangement of robotic cells; 
1, transfer manipulator; 2, rack; 3, index 
pallet stations; 4, cantilever manipulator; 
5, pallet rests; 5, pallet; 7, station for 
loading tool pallets; 8, washer; 9, type 
PB.001.01 machine; 10, type ACP-200 ma
chine; 11, type CE. 062.20 machine; 
12, type CE.062. 11 machine; 13, telfer-type 
loader; 14, rack for adjusting pallets; 
15, central dispatch desk

rail supported on two posts (the gantry 
type Pirin manipulator).

The automated workshop section, 
model CM-PCfl.01 (Fig. 5.21), de
veloped in the PRB accommodates 
workpieces in the form of bodies of 
revolution for production of parts in 
medium batches. The parts are made 
from forgings and sheared rolled pro
ducts with prepared locating elements. 
The diameter and the largest length 
of the parts worked between the cen
ters are 20 to 100 mm and 750 mm 
respectively; the diameter of the 
chucked parts ranges from 36 to 
220 mm.

The shop section includes a 
CE.062.20 type center-chuck NC 
lathe, two CE.062.11 type chuck 
lathes, two ACP-200 type turret 
lathes, PB.001.01 type boring-milling 
machine, and a washer. The main 
manufacturing operations involve the 
finish turning, drilling and milling

(to cut keyways and threads, work 
holes, etc.), cleaning and washing 
of parts.

The subsystem for the flow of parts 
consists of a four-shelf rack (each shelf 
has 24 three-position nests); a trans
fer manipulator advancing pallets 
with workpieces and tools to the 
working positions near the machines; 
three index pallet stations located 
alongside NC machines; six pallet 
supports; three cantilever-type Pirins 
mounted on the NC machines; ma
nual telfer to load and unload pallets 
into and from the rack.

The shop section operates from the 
central dispatch desk fitted with two 
model Isot-310 minicomputers, one 
of which directs the operation of 
machines and the other controls the 
flow of parts and tools and sends in
formation to the dispatcher.

The staff of the shop section includ
es a dispatcher, an NC machine tool
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Fig. 5.22. Gantry-mounted Pirin manipulators used for work at automatic lines
(a) layout of transfer line section; (b) layout of ATJI-06 transfer line; (c) ATJI-07 transfer 
line layout; 2, gantry; 2 , manipulator; 3, control device; 4, conveyor; 5, machine; 6, con
veyor limit brackets; 7, Pirin manipulator; 8, circular grinding machines; 9, transfer ma
chine for cutting keyways and reaming holes on the shaft face; 10, lathes; 11, centering 
milling machine; 12, Pirin manipulator; 13, conveyor

setter-up, operators on ACP-200 and 
PB.001.01 machines, a worker at the 
inspection station, a worker at the 
tool pallet-loading station, and a 
supervisor.

The ATJ1 transfer lines of the PRB 
are designed for high-volume product
ion of parts in the form of bodies of 
revolution. Gantry-mounted Pirins 
of the two types load and unload ma
chine tools: nonprogrammable mani
pulators (auto-operators) service mass 
production lines and master control
lers (robots) tend large-scale pro
duction lines. Transfer of parts from 
machine to machine is done with the 
aid of conveyors. Fig. 5.22a shows the 
layout of a section of the transfer 
line comprising a robot, machine, 
conveyor, and control devices.

Figure 5.22& and c illustrates the 
layouts of ATJI^)6 and AT.1-07 trans
fer lines. It should be noted that step
ped shafts, particularly the shafts 
with a large difference in the diame
ters of steps, cannot be laid without 
skewness into unadjustable cradles

of the common shop conveyor. For 
this reason the common conveyor of 
these lines is often broken down into 
a few self-contained sections whose 
beds secure a minimum skewness of 
the axis of a part in the given range 
of differences between the diameters 
of steps (see Fig. 5.22c).

The transfer line at Mitsubishi Hea
vy Ind., designed for production of 
spline shafts, is shown in Fig. 5.23. 
The line employs two overhead mobile 
Robitus RC series robots. One robot 
tends a centering-milling machine 
and two lathes, and the other robot 
tends the rest of the equipment. A 
two-bed conveyor 2 delivers workpie
ces to machines and transfers parts 
to a heat treatment section. Work- 
pieces are cut bars 30 to 100 mm in 
diameter. The robots execute pro
grammed motions in accordance with 
the rate of transfer line operation; 
they load and unload machines and 
sequentially transfer parts from ma
chine to machine in the course of the 
manufacturing process.
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Fig. 5.23. Transfer line with Robitus-RC robots servicing six machines
j, grinder; 2, two-way (two-bed) conveyor; 3, gear hobber; 4, box for parts; 5, NC lathe; 
6, copying lathe; 7, centering-milling machine; 8f monorail; 9, robot RC

PTK-2 cells use overhead mobile 
angular-coordinate robots moving 
alongside machines arranged in one 
or two rows.

An automated ACBP-01 section 
intended for machining electric mo
tor shafts appears in Fig. 5.24. The 
shafts up to 160 kg in mass are made 
from sheared rolled stock. They are 
500 to 1 400 mm in length and up to 
140 mm in diameter. A storage-bat
tery truck delivers workpieces to an 
infeed conveyor which transports them 
to the pickup position of an 
YM1600.2.81.01 model robot. The 
robot unloads the conveyor and plac
es workpieces in the recesses of an 
input feeder 3. The shop section in
cludes a centering-milling machine 
and two NC lathes which face, center, 
and turn shafts of thirty types and 
sizes. The robot goes into operation 
on commands from the machines. 
If two command signals arrive si
multaneously, the robot attends a 
machine where the working cycle is 
the longest. The section has storage 
magazines 6 and 10 placed between 
the machines. The robot fitted with 
a tactile pin searches for a workpiece 
5 in the feeder 5, measures its dia
meter and with a device 4 measures 
its length, taking into consideration 
a finishing allowance for machining 
the end fates. If the length or 
diameter of a workpiece falls out
side the tolerances, the robot rejects 
the piece. The robot also loads and 
unloads machines, transports parts

from one machine to another, pro
perly orients them, places into re
cesses of the storage magazines 6 
and 10, advances parts to wait posit
ions 8 and 12 in front of the lathes, 
and puts the finished parts in a maga
zine at the end position 11 of the 
workshop section. The system of pho
todiodes fastened to posts 7 provides 
for safety. A chip conveyor is set up 
at the rear of the machines. The sect
ion is attended by one operator.

An automated ACBP-10 section

a . 5.25) comprises a centering- 
in g machine 2 and two lathes 

3 serviced by a CM400.2.80.01 ro
bot. A telfer crane 1 delivers work- 
pieces (sheared rolled stock) to a 
two-way roller conveyor 8. The robot 
transfers workpieces to machines which 
prepare locating elements, mill end 
faces, and turn to diameter the shafts 
up to 40 kg in mass. The section has 
intermediate storage magazines be
tween the machines. Depending on the 
program it executes, the robot places 
each machined part on a table 7 for 
inspection by the operator and then 
picks up acceptable parts and posit
ions them on the run-out roller bed 
from which they are taken off by shop 
transportation means. Other robot 
functions and the flow-process chart 
are in the main the same as in the 
ACBP-01 workshop section.

An automated ACK-0201 section 
for production of body parts up to 
100 kg in mass (Fig. 5.26) comprises 
two RCs each of which includes two
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Fig. 5.24. Automated ACBP-01 workshop section for machining electric motor shafts
l ,  infeed conveyor; 2, centering-milling machine; 3, input feeder; 4, device for measuring 
workpiece length; 5, workpiece; 6, 10, intermediate storage magazines; 7, photodiode post; 
8, 12, wait positions; 9, 13, lathes; 11, end position (storage of finished parts); 14, mobile 
carriage with robot arm; 15, monorail

Fig. 5.25. Automated ACBP-10 workshop section for turning cylindrical workpieces of up 
to 40 kg
1, cantilever-telfer crane; 2, centering-milling machine; 3, NC chuck-center lathe; 4, mobile 
carriage with robot arm; 5, monorail; 6, intermediate storage magazines adjustable for sto
rage of shafts and flanges; 7, inspection table; 8, two-way roller conveyor
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r , View A
5  4 j

Fig. 5.26. Automated ACK-0201 workshop section for machining base members of up to 100 kg
I, machining center; 2, robot; 3 , tool magazines; 4, racks for parts, tools, and attachments;
J, pallets with workpieces; 6, chip conveyor

boring-milling NC machines and a 
robot intended to load and unload 
machines, transfer parts from one 
machine to the other, replace tool 
outfit and attachments, clean chips 
from the datum surfaces of machines 
and parts, and also measure parts. 
The robot can replace grippers auto
matically. Parts, tools, and attach
ments are kept in nests of the rack 
located behind the machines above 
the chip conveyor. The robot is a 
modification of the yM160<l>.2.81.01 
model. One operator controls and 
services the shop section.

PTK-3 cells employ stationary 
ground robots o*r mobile overhead 
robots with swinging motions of the 
arm to load the machines. The cells 
come complete with horizontal spin
dle machines which allow the robot to

load them at the front or the rear at 
a certain angle. The transportation 
means are conveyors which advance 
parts to a fixed position or orienting 
magazines with the given spacing 
between the rows of parts.

The transfer line illustrated in 
Fig. 5.27 is designed for machining 
shafts in large-scale production. It in
cludes two NC semiautomatic lathes 
specially modified and tailored for 
the joint operation with a two-arm 
robot model CM 1600.205.01 and an 
index magazine to deliver workpieces 
to a fixed position. The mass ot work- 
pieces is up to 160 kg, and the length 
ranges from 500 to 1 400 mm. The 
storage unit loaded by shop lifting- 
conveying means can hold 5 to 10 
workpieces, depending on their dia
meter. The robot does not turn over
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workpieces, therefore the lathes are 
sited so that they can machine a shaft 
on its two end faces.

PTK-4 cells are complete with floor- 
mounted mobile or stationary robots 
whose motions follow cylindrical or 
spherical coordinates. The PTK-4 
cell layout is adequate for any stat
ionary robot turning about its vertic
al axis. The equipment layout can 
have a circular configuration if a robot 
is stationary, a linear or two-row linear 
parallel configuration if a robot is 
mobile.

Figure 5.28 shows the typical ar
rangements of robot work cells dif
fering in the number of machines 
serviced by one robot and the struc
ture of links with external transport 
flows, transfer conveyors, delivery 
devices, index tables, etc.

Figure 5.29 presents the automated 
workshop section with six NC lathes 
serviced by Kawasaki Unimate-5030 
robots riding a rail track alongside 
the front of machines. Along with 
the robot, the subsystem for the flow 
of parts includes an automated ware
house, conveyors delivering filled 
pallets from the warehouse to machi
nes, storage magazines with automat
ic devices for advancing workpieces 
to fixed positions convenient for the 
robot to grasp a piece and load into 
the machine, and conveyors transfer
ring finished parts to the warehouse. 
The control of the machine shop is 
done at two levels: from the central 
computer which dispatches programs, 
coordinates the operation of the entire 
cell, keeps routine libraries, and pro
grams the robot and machines; and 
from independent NC systems of the 
machines and the robot.

Table 5.1 shows a Unimate robot 
work station of the versatile transfer 
line for machining steering knuckles 
of Fiat trucks. The preliminarily 
turned workpieces, which are forks 
with holes in pins, are conveyed to 
an index-table transfer machine which 
drills, enlarges, and reams holes. The 
workpieces are* placed on and re
moved from the machine by the ope
rator who inspects the finished part 
and puts it on a rotary table-storage 
3/A. The first Unimate picks up 
the part from the storage, transfers

A-A

Fig. 5.27. Transfer line for machining, 
shafts
i, semiautomatic NC lathe; 2 , robot; 
3, index infeed magazine; 4, indexing 
outfeed magazine; J, chip conveyor; 6, lathe 
control system and power supply cabinet; 
7, robot control system and power supply 
cabinet; 8, central control desk

it to a device which blows off chips, 
and then fits the part into the locat
ing fixture of a three-position miller. 
The second Unimate grasps the fi
nished part, moves it to a device for 
blowing off chips, and then puts the 
part into a storage 3/B or, if this 
storage is filled, transfers it to a se
cond three-position machine 2/B. The 
third Unimate unloads the machine 
2/B and loads a multipositional dril
ling transfer machine 2/C, from which

Fig. 5.28. Standard PTK-4 robot work cell 
arrangements
I, machine tool; 2, robot; 3 , conveyor; 
4, transfer device; 5, special index table; 
6, automated warehouse with stacker
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Fig. 5.29. Automated workshop section with a floor-mounted mobile Kawasaki Unimate-5030 
robot servicing six NC lathes
I, automated warehouse; 2 , powered roller conveyor for workpieces and finished parts; 
3, index storage magazine with a device advancing workpieces to robot pickup position and 
transferring machined parts to conveyor; 4, lathe control system; 5 , lathe; 6, chip conveyor 
with bin; 7, robot; 8, room with computer for centralized control; 9, inspection table; 
10, dispatch control desk

the parts are put on a conveyor which 
transports them to the next work stat
ions.

Other variants of RC layouts and 
the links with interplant transportat
ion flows are also possible. Robots 
are sometimes set up on a traveling 
bridge (gantry) to service machines 
arranged in line or in a few rows.

5.6. APPLICATIONS 
TO ASSEMBLY WORK

Robots can be useful tools for 
automation of all kinds of processes 
met with in assembly. In assembly 
of parts destined for machining, ro
bots deliver, orient, mate and fasten 
parts to make up subassemblies, and 
then transfer them to and remove from 
machines. In thb block assembly pro
cedure, robots search for, identify, 
transport, orient, and place parts into 
an assembly position, control di
mensions, check parts for correct

mating and fastening, remove and 
stack blocks, or pack up the blocks 
if necessary. Assembly for welding 
(a fit-up procedure) can be regarded 
as a block assembly operation and 
an operation that precedes the machin
ing process. In final assembly, ro
bots handle, orient, and position 
blocks for joining if need be. Ro
bots are also applicable for disassemb
ly tasks.

Whatever the assembly method, 
robots can also do the following: 
warehouse and transport parts, trans
fer, manipulate, and,position subassem
blies, recognize, control, reject as
sembled members and check joints 
for quality. Robots generally per
form main assembly operations when 
the interchangeable method of as
sembly is used.

The robots fitted with appropriate 
tools and auxiliaries can perform the 
following main operations: slip
over/insert; put on/in; draw apart/un- 
fold; pick up/place; press in; screw/un-
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screw; splice; rivet; clamp/unclamp; 
coat; weld; dress; orient; measure; 
pour.

Basic requirements on parts, blocks, 
and products prepared for automatic 
assembly. Parts must be free of dirt, 
nicks, and dents. They must not 
stick together as they leave the feed
er. The designs of parts to be joined 
must envisage entry edges, cones, 
grooves, and other guideways. It is 
good practice to avoid mating parts 
from readily deformable and fragile 
materials which do not permit the 
parts to retain their shape. Prior to 
assembling, it is necessary to check 
whether the part parameters conform 
to specifications.

The main requirements placed on 
the parts (assembly units) destined 
lor automatic assembly are the fol
lowing:

— the parts must be sorted out into 
interchangeable sets allowing their 
assembly independent of each other;

— provision should be made for 
completely interchangeable assembly;

—the number of mated surfaces 
and joints must be a minimum;

—the points of attachment of 
assembly units must be accessible 
for inspection, where this checking 
is essential;

— the parts must be made to strict 
dimensional tolerances since addit
ional machining and fitting operations 
during assembly are impermissible;

— the sets of parts must allow for 
sequential assembly by joining all 
parts in succession to a location piece.

The type and configuration of a 
location piece determine the design 
of a fixture and the location layout.

The compatibility of parts, the 
choice of datum surfaces, and the 
assembly sequence depend on the 
disposition of mated surfaces. Stan
dard assembly units fall into “shaft”- 
type and “case”-type sets depending 
on what location members they have. 
In the shaft-type set a shaft or a simi
lar part is a male ^location member 
over which are fitted bearings, gears, 
sleeves, spring thrust collars, pack
ing rings, and other parts. In the 
case-type set a case or a similar part 
is a female location member receiving 
parts to be mated. Figs 5.30 and 5.31

(c)
Fig. 5.30. Typical assembly units built up of 
parts fitted over a solid or hollow location 
shaft and fixed in position by frictional force 
(a), with a pin (ft), and a spring thrust 
collar (c)

Fig. 5.31. Typical assembly units built up 
of parts fitted into location members such as 
cases, sleeves, and gear clusters and fixed in 
position with flanges and screws on both 
sides (a), a flange and screws on one side 
(ft), a spring thrust collar (c), spring thrust 
collars on both sides (rf), and nuts (**)

19-082
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show shaft-type sets and case-type 
sets respectively, which are typical 
for all products of machine engineer
ing.

Analysis of main assembling equip
ment. In most extensive use in the 
assembly area are single-spindle and 
multispindle nut setters, rolling 
heads, multistation index tables, pres
ses, welding heads, etc. This equip
ment usually comes as bench-mounted 
mechanisms or power hand tools. 
Using these tools, the robots can do 
the assigned assembly tasks, replace 
tools and perform requisite operations 
on the assembly unit of other design. 
The robots can act as lifting-and- 
conveying and loading machines or 
as manufacturing machines. The as
sembling equipment can be vertical 
or horizontal in design. The attach
ments used to fasten a location piece 
during assembly are commonly ident
ical to the ones applied in machining. 
It is advisable to use where possible 
the universal types of jaw and collet 
chucks, mandrels, V-blocks, centers, 
and other positioners and fixtures 
employed for accurate location and 
reliable fastening.

Requirements for robots used in 
automatic assembly systems. The robots 
employed for work in assembly cells 
must ensure the normal course of 
assembling, for which reason they 
must be able to execute all requisite 
movements depending on the require
ments for the cell, the list of products 
being assembled, the output program, 
the rate of changeover for other pro
ducts, and the overall dimensions of 
process equipment.

Certain features peculiar to assemb
ly operations and the need to compen
sate for positional errors during 
manipulation of objects impose de
finite requirements on industrial as
sembly robots. The requirements are 
the following.

1. The robots must be able to re
peat motions along cylindrical and 
rectangular coordinates. For most 
parts to be-* mated, it is generally 
necessary that a robot should execute 
rectilinear motions, but where parts 
require more complex motions, the 
robot arm or hand must answer the 
need.

2. The work area must be roomy 
enough to accommodate auxiliaries, 
assembly jigs, gripper and tool maga
zines, feeders and part storages, and 
devices for control of assembly ope
rations.

3. The robots must have not less 
than three degrees of freedom and 
provision should be made for robots 
or assembly tools to perform addit
ional moves, up to five.

4. The control system must ensure 
extended interface with a large numb
er of auxiliary mechanisms such as 
index tables, conveyors, piece-by
piece feeders, and the like.

5. The robots that sequentially 
carry out various operations and 
manufacturing steps must have auto
matic tool and gripper replacing 
mechanisms which can be connected 
to electric or pneumatic power lines 
and measuring systems.

6 . The speeds of slave mechanisms 
and kinematic links must ensure an 
optimum rate of handling the main 
and auxiliary assembly operations 
and assembly steps. Where there is 
a need to accomplish some machining 
operations such as drilling and ream
ing in the course of assembly, the 
robot actuator should afford the 
required speed and force of cut of 
the tool, or the assembly section should 
be made complete with appropriate 
machine tools serviced by a robot 
(the cutting speeds range from 0 . 0 0 1  
to 1.5 m/s). Other requirements are 
common to all robots.

Requirements for assembly outfit 
used with robots. Assembly operations 
can be broken down into groups by 
the methods of connection of parts. 
There are a number of assembly me
thods which rely on the insertion of 
one part into the other with a large 
or small clearance, plastic deformat
ion (interference fit), elastic defor
mation (preliminary elastic tension 
of one of the mated parts), gluing, 
welding, and screwing.

To joint parts by the above methods, 
the robots need a wide range of 
various assembly fixtures, tools, and 
devices.

The basic requirements for outfit 
supplied for robotic assembly cells 
are given below
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Attachments must secure a reliable 
grasp on a part to transport it to the 
assembly station and place the part 
into a fixture or join it to the locat
ion part.

Tool elements such as shanks, flan
ges, and belts which are necessary to 
fasten tools to robot wrists or to in
stall them in tool magazines must 
be unified.

The design of a tool must allow for 
fitting feedback sensors into the 
tool to control the grasp on a part, 
assembly sequence, dimensions of 
mated parts and their mutual arran
gement, quality of joints, and other 
parameters.

Replaceable tools with sensors and 
additional drives must have unified 
connectors for coupling the tools to 
power and measuring lines (both elec
tric and pneumatic). The grasping 
(dements of a tool must ensure the 
given accuracy of part positioning.

The design of an assembly tool 
must have an automatic search de
vice or elements which compensate 
for the misalignment and skewness 
of the axes of mating parts and thus 
ensure the self-alignment of the 
part inserted under force arising at 
points of contact of the mating sur
faces.

In mating close-fitting parts, the 
assembly tool must not deform a part 
under the action of a force required 
to grasp, insert, and fix the part in 
position.

A tool must be of the wide-open- 
ing type, i.e. readily adjustable for 
various sizes of parts. For this, the 
locating guideways and grasping ele
ments must be replaceable and inter
changeable, and the stroke of the 
working element must be set to any 
desired length.

The design of a tool must envisage 
protection against breakage.

To extend the capabilities of a 
tool, the tool elements intended to 
grasp, locate, and mate parts can 
have a drive linked to the common 
control system o r  a robot (assembly 
cell). Other requirements correspond 
to those presented in Chap. 4.

Standard layouts of robotic assembly 
cells. The robotic assembly cell rep
resents a system comprising one or

(b)

Fig. 5.32. Robotic assembly cell layouts 
(a) one-robot assembly cell; (b) two-robot 
assembly cell; (c) cell with IRs performing 
assembly operations and tending process 
equipment

more robots, attachments, tools, and 
other equipment. The system performs 
a final assembly operation or a few 
operations (steps) and transfers the 
assembled unit to the next assembly 
station.

Figure 5.32 illustrates assembly 
cells with one robot (a) and two robots 
(b) which transport parts and mate 
them at assembly stations. Fig. 
5.32c presents the layout of an 
assembly cell where robots accomplish 
assembly operations and service the 
entire special-purpose process equip
ment (PE).

Figure 5.33a displays the layouts of 
an assembly cell equipped with a 
magazine for automatic replacement 
of robot’s grippers and tools. This 
permits extending both the range of 
parts mated and the number of as
sembly operations handled within 
the cell. To reduce the idle time of 
a robot performing a sequence of 
operations, the cell can be complete 
with a few assembly jigs (Fig. 5.335). 
Where each tool handles a few parts.

19*
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0 Z1 —process equipment 
£>3- storages for parts and assemblies 
mi-assembly jigs 
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Fig. 5.33. Assembly cells and sections 
(a) and ( b) cells with sets] of quick-change 
tools for robots to join sequentially parts to 
one location piece and to a few location 
pieces respectively; (c) section of robotic 
assembly line

the time needed to replace tools can 
be cut down by a factor of rc, where n 
is the number of parts assembled si
multaneously.

Figure 5.33c shows a section of the 
robotic assembly line with a linear 
equipment layout. The assembly lines 
of this type can have any number 
of assembly stations depending on 
the desired output and assembly con
ditions, while a robotic cell of the 
circular layout can accommodate not 
more than 1 0 - 1 2  assembly stations.

Robotic sections comprising a few 
cells which do not have fixed funct
ional links in-between are most flex
ible, universal and readily adjust
able for new tasks. The layouts of ro
botic sections with flexible transport 
links between the assembly stations 
are shown in Fig. 5.34. The flexibil
ity imparted to robot transfer lines 
makes it possible to distribute various 
assembly operations between the work 
stations in a most effective way and 
thus realize most fully the potential 
of robots and efficiently utilize the

Fig. 5.34. Assembly sections with flexible 
interstation transport links due to robots 
(re) and robots with special-purpose equip
ment (b)

equipment. This is not the case for 
the robot transfer line of the synchro
nous type (see Fig. 5.33c) where the 
longest operation determines the pace 
of the assembly process.

Where there is a need to accomplish 
pressing-in, casting, heat treatment, 
washing, and the like operations, an 
assembly section or line can be fitted 
with additional equipment.

For assembly of units, each com
prising 6  to 1 2  parts, with a yearly 
output of 0.2 X 105 to 1.0 X 105 pro
ducts, it is more advantageous to 
employ robotic cells similar to that 
of Fig. 5.33a, b. Where the yearly 
volume has to range from 1 X 105 to 
8  X 105 assembly units, the layouts 
of Fig. 5.34 are more cost-effective. 
Synchronous transfer lines with a 
circular or linear equipment layout 
are more profitable where the yearly 
rate reaches 5 X 105 to 15 X  105 pro
ducts. In high-volume production of 
over 1 X 106 pieces a year, special- 
purpose assembly equipment and in
tegrated machinery are economically 
advantageous for use.



5.6. APPLICATIONS TO ASSEMBLY WORK 293

Examples of application of robots 
to assembly operations. Assembly ro
bots, namely, Olivetti’s Sigma/Mtg 
and Hitachi’s Hi-T-Hand Expert, 
along with some of the operations 
they perform, were given treatment 
in Ch. 4.

An automatic line for assembly of 
transformers13 is shown in Fig. 5.35. 
Feeders 5, 7, and 14 deliver coils, 
upper cores, and lower cores to home 
positions at which optical sensors 
identify parts and shape signals for 
the start of the assembly process. 
First, a pair of lower cores is put in
to an assembly jig on a table 11 which 
serves as an assembly and inspection 
table. Robot II then picks up a coil 
from the outlet position of the feeder 
14, transfers it to the table 11, and 
places the coil into a position to join 
it to the pair of lower cores, the ope
ration being controlled by a sensor 
of position. If this operation proves 
abortive after the third attempt, the 
coil and the pair of lower cores are 
thrown into a reject bin by robots II 
and III. If the operation is a suc
cess, robot I grasps a pair of upper 
cores from the feeder, dips them se
quentially into baths with degreasing 
and gluing compounds, and then plac
e's this pair of cores on the subassemb
ly, the operation being controlled by 
a sensor of position too. If robot I

/  2 3 4 5  6 7 8 S

F ig. 5 .35 . A utom atic lin e  for assem bly o f  
transformers
1, reject bin for transformers after drying;
2, inspection position after drying; 3, drying 
kiln; 4, coil reject bin; 5, feeder of upper 
cores; 6, robot I; 7, feeder of lower cores; 
8, conrol unit; 9, master controller; 10, ro* 
bot III; 11, assembly table with catch; 
12, reject chute; 13, robot II; 14, coil feeder; 
15, reject bin for upper cores; 16, outfeed 
station for sound transformers; open circles 
denote the points of attachment of current 
sensors, optical sensors, and sensors of posi
tion

fails to position properly the upper 
cores at the third attempt, robot II 
discards them on to the chute of the 
reject bin. After completion of the 
assembly, robot I locates the trans
former between the spring contacts 
to energize the secondary and measure 
current at no-load. The test being 
over, the transformer is either pushed 
down the chute 12 of the reject bin 
or transferred by robot III to a sect-

1 a  [=3 0

□
□
□
a

i Z-EJ

Fig. 5.36. Automatic line for assembly of internal-combustion 
engines
1, computer; 2, apron conveyor; 3, part transfer device; 
4, robot control desk; 5, equipment control desk; 6, number of 
assembly storage (work station number); 7, assembly tool 
magazine; 8, robot; 9, supervisory control desk; 10, control 
equipment room
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ional drier having a receiving index 
table. With the section being filled, 
a sensor of position signals the table 
to turn by one step and open an emp
ty section for the next cycle. The 
section with dried transformers thus 
advances to an inspection position 
where current sensors keep check on 
the quality of transformers, which 
are brought either to an outfeed stat
ion 16 or to a reject bin 1.

The robots are air-powered three- 
axis machines handling loads of 
0.5 kg with 0.15 mm repeatability. 
The line turns out 300 transformers 
in an hour. The assembly cycle time 
for one transformer is 15 seconds, 
less the time for drying.

A layout of the automatic line at 
Kawasaki Dzukoge for assembly of 
internal-combustion engines appears 
in Fig. 5.36. Assembly is done on 
twelve stations both by fitters at No. 6  
and No. 9 and by ten Kawasaki Uni
mate-5030 robots on the rest of the 
stations. The robots with automatic
ally replaceable tools and grippers can 
handle loads of up to 10 kg. A human 
operator loads cases on an apron con
veyor 2 and controls the delivery of 
other parts to the start position of 
the conveyor. Each robot can work 
at a few assembly stations, or some
times two robots need to carry out the 
assigned task in a coordinate manner.

5.7. WELDING APPLICATIONS

In welding applications, robots 
can act either as auxiliary machines 
or as production machines to autom
ate the welding process. In the first 
case, the robot serves as a handling 
manipulator when it tends stationary 
welding machines and automatic weld
ers; namely, it assembles and places 
parts to be welded in the work area 
of a machine and removes the welded 
structures. The robot can handle both 
individual parts and the welded 
framework with the same wide-opening 
adjustable gripper or it can automat
ically replace one gripper for another 
to manipulate objects of various sizes. 
In the second case, the robot performs 
welding using a spot welding gun or 
an arc torch with a consumable or

nonconsumable electrode (Fig. 5.37). 
A welding cell may have two robots, 
one to carry out fit-up operations ana 
the other to weld the structure.

Weldments. It is advisable to use 
industrial robots for medium- and 
large-batch welding operations. In 
piece-work and short-run production, 
it takes much time to train a robot 
to perform a welding operation; high
ly productive automatic welders are 
more suitable for long-run jobs. In 
low-volume production, the mechani
zation and automation of welding 
are realized through the introduction 
of integrated (group-type) product
ion processes. This involves the con
struction of automated welding sect
ions composed of a few robot work 
cells which are integrated into single 
arrangements with the aid of a com
mon transportation system. In each 
cell a robot executes a limited number 
of typical and similar welding operat
ions at its work station.

In grouping welded assemblies by 
single-type signs, the following cri
teria should be taken into conside
ration: the material of a welded struc
ture; range of workpieces; shape and 
mass of frameworks; and type of 
welded joints. The first and the sec
ond criteria allow us to sort out parts 
and assemblies by production featur
es, to establish the interrelation bet
ween the stock-piling, fit-up, and 
welding operations, and to decide on 
the organization and structure of 
production. The shape of a weldment 
governs the choice of the fit-up pro
cess, means of mechanization and 
automation of assembly operations. 
Also, the mass of a welded assembly 
and the type of a joint determine the 
choice of handling and automation 
facilities and the welded tech
nique.

The most objective and stable clas
sification criterion is the shape of 
a weldment. The design characterist
ics of welded blocks, mutual arrange
ment of components and mass of parts, 
and also the types of welded joint 
permit us to define a code of any 
specific metalwork, to evolve a stan
dard process of welding the given 
structure, and to choose the process 
equipment.
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J

4, cable; 5, air hose; 6, air cylinder; 7, nozzle; 8, spring; 9, shell; 10, gas nozzle; 11, water 
jacket; 12, torch holder; 13, 14, water inlet and outlet connections; 15, gas inlet connection; 
16, electrode feeder connection

Welded assemblies must have clear
ly cut datum surfaces and orientation 
points so that they can be set up in 
fixtures without additional verificat
ions. Universal attachments must be 
available to position and fasten as
semblies in fixtures. The design and 
manufacturing parameters of welded 
joints must aid in unifying the outfit 
and applying the integrated approach 
to industrial organization.

The weldments that comply with 
the above requirements are the fol
lowing: structures with one plane of 
support and two planes normal to 
each other; levers, forks, protective 
guards, auto bodies, and boxes; shells, 
chokes, nipples, and screw conveyors. 
Table 5.7 gives the types and sizes of 
welded designs whose manufacture 
is advisable in robot work cells. 
The designs are chosen with conside
ration for the limits to the dimensio
nal parameters of products; the li
mits are due to the technical charac
teristics of the now available robots.

Welding tools and accessories. A spot 
welding gun is shown in Fig. 5.37a. 
The gun tips open and close with the 
aid of an air cylinder by the com
mands from the robot control. The 
robots should preferably work with 
light-weight guns, about 30 kg. The 
range of weld throats varies from 
0.5 to 3.0 mm, A gun must align itself 
(if need be) with respect to the part 
being welded to within ± 5 .0  mm.

A CO2 arc torch (gun) for steel 
parts, which can also serve as an inert

arc torch for aluminum parts, appears 
in Fig. 5.37b. The torch has a forced 
water cooling arrangement. The ele
ctrode is fed by a special device from 
a self-contained drum in response to 
the commands of the robot control. 
A gas is supplied from a bottle located 
near the robot.

Accessories serve to fit up, posi
tion, fasten, transfer, turn over, and 
reorient parts, and also to move the 
unit being welded with a positional 
accuracy of ± 1 . 0  mm.

Recommendations on how to mecha
nize welding fabrication and examples 
of accessories for fit-up and welding 
operations are given in work21. The 
book describes assembly jigs of the 
universal adjustable types, power 
mechanisms for welding fixtures, posi
tioners, rotators, manipulators, and 
other devices.

Accessories must have standard lo
cating elements unchangeable during 
the entire fit-up and welding cycle. 
The points of the selected locating 
elements must be fixed at all; fit-up 
and welding positions to the reference 
point from which a robot begins to 
play the gun. The fit-up accuracy 
for a metalwork must be not lower 
than ± 1 .0  mm. The design of a fix
ture must provide for an easy and 
convenient location and fastening of 
parts. Locking means should rule 
out the possibility of incorrect and 
inaccurate assembling. A jig must 
be rigid and strong enough to provide 
for the stability of the dimensions
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of frameworks fitted up for wel
ding.

In selecting carriages or step-by- 
step conveyors as transportation means, 
provision should be made to arrest 
motions to within ± 1 . 0  mm.

Metalwork fabrication. Welding fa
brication covers a large number of 
various manufacturing operations, 
from stock-piling of parts to surface 
finishing.

A welding technique must provide 
for a defect-free joint equal in strength 
to the parent metal. A weld must be 
free from cracks, pores, poor fusion, 
and undercuts. The dimensions of a 
weld must be in accord with those 
marked on the drawing.

A welded joint should sometimes 
fill additional requirements; namely, 
it must be fit to work under vibratory 
and impact loads, at low tempera
tures, and in hostile environments. 
Whatever the conditions in which a 
weld has to operate, the weld proce
dure must ensure a maximum weld rate, 
economical efficiency of the process, 
good reliability, and long life of 
the weldment.

An object prepared for welding 
must be located in a strictly definite 
manner, and its dimensions must lie 
within the given tolerance limits. 
Incorrectly oriented or poor-quality 
workpieces may lead to spoilage. The 
need of an accurate location of parts 
calls for the rebuilding of available 
equipment or application of additio
nal accessories. To achieve the end, 
it sometimes proves necessary to 
reduce tolerances or to change the 
geometry of parts.

All operations of welding fabrica
tion can be broken down into six 
groups: stocking, fitting, welding, 
finishing, auxiliary (lifting-and-con- 
veying), and inspection operations.

Stocking operations involve the 
manufacture of workpieces and parts 
on appropriate machines to prepare 
the required stock.

Assembly fixtures serve to fit up, 
locate, and fasten the parts of a me
talwork or its-* subassemblies to secure 
the desired accuracy and quality of 
welded products.

The design of an assembly jig, fix
ture, or the like attachment depends

on the shape and size of the metal
work to be welded, welding practice, 
and the scale of production. Assembly 
accessories fall into two categories 
depending on the functions they have 
to perform: assembly fixtures for
assembly operations only and weld
ing fixtures for fitting and welding 
operations. This equipment can be 
stationary, portable, index, manual, 
automatic, universal, and special.

Assembly arrangements such as 
jigs and fixtures are largely made for 
the fabrication of one or a few pro
duct styles of the same type. These 
arrangements comprise the mecha
nisms and devices for installing and 
turning the structures fitted up for 
welding and also positioning and 
locking elements which serve universal 
purposes and find use in various as
sembly fixtures.

Automatic welding imposes more 
stringent requirements on the positio
nal accuracy of both robots and weld
ing fixtures.

Robot welders can perform the resi
stance spot and arc welding opera
tions using consumable and noncon
sumable electrodes. In spot weld
ing, the robot moves the gun from 
position to position at a step of 2 0  
to 2 0 0  mm, the rate being determined 
by the number of points welded in a 
unit time. The dimensions of weld 
points are chosen proceeding from the 
thickness of the material being wel
ded.

The arc welding process consists 
of a sequence of steps necessary to 
shape and complete the weld. As the 
arc is struck and sustained between 
the electrode and the work, the wel
der moves the electrode along the 
line of the seam and plays the arc 
along the edges to impart the desired 
shape to the weld.

In consumable-electrode arc weld
ing, the route of an electrode cannot 
in most cases be defined beforehand 
because of the random character of 
information about the joint and the 
unsteady pattern of weld formation. 
Therefore, for the arc welding process 
to be automated, there is a need to 
carry out thorough preparatory work, 
specify strict tolerances for the shape 
and size of parts to be welded,- and
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Table 5.8. Characteristics of Resistance and Arc Welding

Characteristic
Welding

arc resistance

Repeatability. 0.3 to 0.5 of 
electrode diameter

± 1 .0  mm
Travel speed, m/h 10-180 180-360
Number of controlled linear motions, max 3 3
Number of controlled angular motions, max 2 3
Work area, m l x l x l O l x l x l
Mass of gun fastened to the arm’s wrist, kg 15-20 20-30

develop advanced feedback systems 
which would control the quality of 
welds and shape command signals 
for the correction of welding condi
tions. To arc-weld the parts of com
plex configuration, it is necessary to 
trace out the route of the electrode 
along at least five controlled axes 
(Fig. 5.38). The accuracy of motion 
along the joint reaches 0.3 to 0.5 mm, 
the weld rate extends from 1 0  to 
180 m/h, and the range of linear 
motions lies between 0 . 1  and 1 0  m. 
Table 5.8 compares the characteri
stics of resistance and arc welding.

The finishing and auxiliary ope
rations include weld dressing, weld 
spatter removal, heat treatment of 
sound products, transportation of 
structures to and from weld stations. 
The operations required to set up the 
welding equipment, to implant elec
trodes, and to coil the welding wire 
on spools can also be grouped into 
the category of auxiliary operations. 
Some of these operations are possible 
to automate using either conventio
nal means or robots, for example, to 
perform lifting-and-conveying and 
postweld cleaning operations.

Robot welders. These are universal 
Versatran and Unimate robots with 
both point-to-point and continuous 
path controls for spot and arc welding 
respectively. Some types of angular 
coordinate robots such as the ASEA 
model (Swed£n) and Kuka-IR6/60 
model (FRG) also do welding jobs 
apart from paint spraying and load
ing operations. A large number of 
robot models have recently appeared 
specifically for welding applications.

The Horisontalroboter-80, Vertical- 
roboter-80, and Portalroboter-80 mo
dels (France) can be taken as exam
ples. All the above enumerated ro
bots, excepting the five-axis ASEA 
robot, have six axes of freedom, so 
the robots can execute fairly complex 
movements necessary for welding. In 
a number of cases the welding robots 
have two to four axes of freedom, the 
additional two axes being provided 
by a rotary tilt table positioner which 
turns workpieces in two planes. These 
are PW-50, PW-75, PW-200, and 
PW-555 models of Japan.

In the USSR, Universal-60 and 
Universal-15 robots and also a special- 
purpose five-axis robot model 111 A 
find use for welding purposes. Figs. 
5.39 through 5.42 illustrate the basic 
layouts of welding installations using 
the 111A robot welder for automation 
of arc welding operations. The robot 
arm can move back/forth 800 mm at

Fig. 5.38. Flowchart illustrating the route 
of an electrode in arc welding of curvilinear 
seams
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Fig. 5.39. Welding cell based on the i l lA  
robot

Fig. 5.40. Welding cells based on the 111A 
robot with a manipulator (a) and single
axis rotator (ft)

(C)
Fig. 5.41. Welding cells based on the 111A 
robot
(a) robot with rotary positioner; (b) two 
robots with rotary table positioner; (c) robot 
with lengthwise-moving table positioner

0.15 m/s, and up/down 630 mm at a 
maximum speed up to 0.1 m/s. The 
robot can ride toward the left or 
right in the horizontal plane for 
1 500 mm at up to 0.15 m/s. The 
arc welding gun rotates about its 
vertical axis through 360° at an 
angular velocity up to 1.57 rad/s,. 
and about its horizontal axis through 
135° at up to 0.16 rad/s. Positional 
repeatability is ± 0 . 6  mm.

Layouts of robotic welding cells* 
The robots can service resistance 
(spot) welding machines in a few
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Fig. 5.42. Examples of layouts of robotic 
welding cells
(a) two 111A robots and four-station rotary 
table positioner; (b) mobile Portalroboter-80; 
(c) Unimate dealing with three unified weld 
fixtures

ways: (1 ) the robot loads the complete 
assembly to be welded into a special 
automated fixture which locates and 
fastens the assembly and performs 
all movements necessary for welding 
carried out by a stationary automatic 
machine; (2 ) the robot picks up and 
manipulates a preliminarily assem
bled metalwork, places it into and 
removes from the work area of an 
automatic welder; (3) the robot fits 
up a structure for welding, transfers 
it to the work area of an automatic 
welder, and executes all motions 
necessary for welding.

The robots accomplish welding in 
a few ways. The simplest method is 
to install the robot near a welding 
table with a special fixture to fit up 
a metalwork and make it ready for 
welding by the robot (see Fig. 5.39). 
Such a robot welding station requires 
a minimum of rearrangement in the 
shop, but since the robot utilization 
in this cell is insufficient, a few single- 
type welding fixtures are usually plac
ed within the robot’s working enve
lope. Fig. 5.40 displays the layouts 
of welding stations where the robot

works together with a welding mani
pulator (a) and with a single-axis 
welding rotator (b). These cells can 
weld the parts of complex configura
tion. The use of lengthwise-moving 
or rotary table positioners substan
tially reduces the robot’s idle time 
during the fit-up (see Fig. 5.41). 
Fig. 5.42 illustrates three more exam
ples of cells using a robot model 
111 A and four-station positioner 
(Fig. 5.42a), a mobile Portalroboter-80 
(Fig. 5.426), and a Unimate 
(Fig. 5.42c). Arranging around the 
robot various types of equipment 
needed to fit up structures and handle 
weldments gives a welding cell. A few 
such cells can be combined to form 
a flow line or several lines which to
gether make up a flexible robot weld
ing system.

5.8. ROBOTS IN PAINTING

Of the modern painting techniques, 
the following methods are most popu
lar: air and airless spraying (spray 
painting), electrostatic painting, flow 
coating, dip painting, and electro- 
coating.

The choice of a painting method 
depends on the scale of production, 
size and shape of parts to be coated, 
properties of paintwork materials, 
and requirements on coats (decora
tive, antirust, gasoline-resistant, al
kali-resistant, and others).

Painting methods and equipment. 
In painting by certain methods, the 
shape and size of parts do not have 
a substantial effect on the course of 
the manufacturing process. Consider 
in brief these methods and pertinent 
paint installations.

Dip painting with subsequent expo
sure to solvent vapors, as the name 
implies, is the process of coating by 
dipping into baths. A typical paint 
installation is a tunnel-type chamber 
which consists of a painting zone 
with baths, vapor tunnel, two air 
exhaust vestibules to screen the 
painting zone, and either an overhead 
conveyor to deliver parts for dip 
painting or robots that act in the 
same way as the robots servicing 
automatic electroplating lines.
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Electrocoating is the electrophoretic 
deposition process suitable for paint
ing small and medium-size workpie
ces produced on a large and a mass 
scale. The installation is a straight- 
through tunnel-type chamber with 
an overhead conveyor or any other 
mechanism which carries the parts 
on electrically insulated holders and 
sequentially immerses them into the 
bath.

In intermittent paint installations 
dip painting proceeds sequentially 
according to the preset program; in 
continuous installations, the parts 
are given coats as the overhead con
veyor moves on and dips the parts 
into the bath. Any of these installa
tions includes a power unit, an elec
trocoat bath chamber, two flow wash 
zones, paint mix and filter systems, 
paint heaters and coolers, and an 
automatic process control system.

Flow coating with subsequent expo
sure to solvent vapors is suitable 
for batch-run parts of any shape and 
size, whose surface permits of the 
complete run-off of paint residues. The 
installation used for the purpose is a 
straight-through tunnel-type chamber 
with a conveyor. The chamber con
sists of a paint flow zone, vapor tun
nel, and two vestibules at both ends 
of the chamber. The air exhaust ve
stibules serve as screens which pre
vent the escape of solvent vapors 
outside through the conveyor door
ways.

Spray painting of parts of any 
shape and size is the process that 
uses air or hydraulic pressure to create 
atomized spray. The chambers employ
ed for the purpose are spray booths 
with vertical or horizontal air ex
haust. Two types of booth are avai
lable: open-faced spray booths for 
parts made piecemeal or in small lots 
and straight-through (continuous) con
veyor booths for large-lot-run pro
ducts.

Spray painting of the electrostatic, 
air, airless, and composite types ac
counts for the largest share of the vol
ume of paintwork, namely, up to 70% 
of the products, \frhose shape and size 
determine the choice of the paint 
spraying method. For continuous outer 
surfaces, no limitations practically

exist on the choice of the methods. 
For discontinuous surfaces of grates, 
plates and tubes with perforations, 
the method of painting in an electro
static field is given a more preference 
over other methods. In painting the 
inner cavities of the cylindrical, 
spherical, and similar shapes, the 
air or airless spraying is chosen in 
preference to the electrostatic method 
since the latter does not exclude 
fire and explosion hazards.

Automation in the painting industry. 
The main means of automation of 
handling operations are step-by-step 
and continuous-type conveyors (trans
ferring parts either suspended from 
holders or mounted on the beds), 
and also belt, apron, chain, and trans
fer bar conveyors. Other handling 
means are lifters, pushers, reloaders, 
tilters, roller conveyors, trolleys, and 
robots for lifting-and-conveying ope
rations.

The paint spraying and dip paint
ing operations can be done by ASEA, 
Unimate, and Versatran robots of 
the universal type and also by Koler, 
Kontur, Trallfa, Renault-Acma, and 
other robots of the special-purpose 
type.

All the robots working in paint 
booths must be airtight. The spray 
painting robots must be continuous- 
path machines with repeatability bet
ter than ± 3 .0  mm. The robot must 
have a sufficient number of articula
tions to be able to work on the part of 
a definite shape and size.

The requirements for the robots 
intended to dip the part holders into 
the baths correspond to the require
ments for the robots which tend the 
electroplating bath lines.

Arrangement of robotic paint-spray
ing stations. Various spray guns are 
available, one of which is shown in 
Fig. 5.43.

The choice of a special-purpose 
spray painting robot mainly depends 
on the geometry of the surfaces to be 
coated.

If a part is transportable and thus 
can execute the entire set of motions 
needed to apply the strips of coat 
in succession, an automatic spray 
painting machine with a stationary 
spray gun can do the painting job by
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Fig. 5.43. Spray gun
J, gun tip; 2, needle stroke adjusting screw; 
3, body; 4, paint feed adjusting screw; 
J, air inlet connection; 6, paint inlet con
nection; 7, air feed connection for unlocking 
needle; 8, gun openings; 9, adjustable needle

issuing the command signals for the 
gun to switch on or off depending on 
the position of a part. This is a con
ventional arrangement used to paint 
flat, or almost flat, parts transported 
on conveyors or index tables.

Where the mechanism with a spray 
gun can perform one or two motions 
necessary for painting, a robot should 
be used. The number of axes of mo
tion for the robot selected for the 
purpose depends on the shape, size, 
and relative motions of the object to 
be painted. The important characte
ristics of parts subject to painting 
are as follows: the type of surface, 
its area, and shape; the number and 
combination of surfaces, the location 
of a line of coat and the line length. 
The part in the direction of its mo
tion can be as long as possible if it 
moves on a conveyor. The parts fall 
into five groups both by their shapes 
and by one of the largest dimensions: 
(1) very small, to 300 mm; (2) small, 
300 to 630 mm; (3) medium-size, 
630 to 1 600 mm; (4) large, 1 600 to 
4 000 mm; (5) very large, over 
4 000 mm22. Table 5.9 illustrates the

typical layouts of robot work sta
tions depending on the parameters 
mentioned above.

5.9. ROBOTS 
IN ELECTROPLATING

The robots applied in electroplat
ing shops willingly free people from 
tedious and physically demanding 
tasks and remove workers from expo
sure to a volatile atmosphere saturated 
with vapors of harmful and often to
xic substances. They immerse into 
baths and transfer from bath to bath 
the supports (holders, baskets, or 
containers) with parts first to degrease, 
etch, and wash them and then to 
plate the parts with zinc, copper, 
nickel, chrome, and other metals.

The robots involved in the finishing 
operations of this type fall into three 
groups: (1 ) universal robots such as 
the Unimate and Versatran, either 
stationary or mobile, mounted on a 
rail carriage moving alongside a 
row of electroplating baths; (2 ) handl
ing robots primarily designed to tend 
a group of machine tools, such as the 
CM4002.80.01 and yM16002.81.01 
types riding a monorail 12 and 18 m 
long respectively; (3) special-purpose 
robots working on automatic electro
plating lines.

The robots must be protected aga
inst attack by corrosive vapors of 
solvents contained in baths. The load 
capacities and speeds of the robots 
employed on automatic lines must be 
sufficient to ensure the desired out
put. The load capacity of the robot 
here is its ability to handle the loa
ded container of a permissible mass 
that does not overstrain the robot’s 
limbs and mechanisms. The linear 
and angular velocities of the robot 
are set up proceeding from the fact 
of how the inertial forces arising at the 
moment when the robot comes to a 
halt affect the positional accuracy 
and stability of parts suspended from 
supports. The speed of lowering the 
load must be chosen so that the 
impact of a container frame on bath 
arresters does not affect the stability 
of parts; the speed of lifting must 
be such that the solvent residues have
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time to run off the container into 
the bath.

The robot picks up a part holder 
(container) from the nests of a special 
magazine, transfers it, and lowers 
the container into the baths with 
solvents. The robot control system 
programs the time needed to hold the 
container in each bath and the se
quence in which the robot transfers 
the container from bath to bath. 
After completing the finishing opera
tion, the robot loads the container 
into an outfeed magazine.
Automatic electroplating installations. 

Universal stationary robots can ser
vice electroplating installations by 
siting them near the baths. The in
stallation includes an index maga
zine with containers or supports for 
parts, a robot, and one or two elec
troplating setups. In another layout 
version, the robot mounted on a rail 
carriage can travel alongside a row of 
baths and sequentially immerse parts, 
therewith adequately manipulating 
them to give the desired finish over 
the entire surface of every part.

The automatic electroplating lines 
using special telfer ana gantry ro
bots are most popular. The robots 
of the first and the second type deve
loped in the USSR are the 
TM500.U02.01 and rM500.U03.01 mo
dels, respectively, handling the loads 
up to 500 kg.

The automatic metal plating lines 
serve for electroplating, electroless 
plating, anodic and oxide coating to 
deposit coats of nickel, chrome, zinc, 
cadmium, copper, phosphates, oxi
des, etc. Every line (Figs. 5.44 and 
5.45) consists of one or two rows of 
baths with plating solutions, a drying 
chamber, a robot, racks to store and 
load containers (supports or drums), 
a robot’s command controller, a rail 
track, and various ancillary equip
ment to make the process running.

The parts to be plated are hung on 
supports or loaded in bulk into 
drums and transferred from one pro
cess station to the next according to 
the specified program.

The robots h$re'automatically per
form the operations in the following 
sequence: grasp a support or drum, 
lift it and wait to allow the solvent

Fig. 5.44. Automatic electroplating line with 
the telfer-type robot model rM500.U02.01
1. robot; 2, monorail; 3, position sensors 
above baths; 4, cable; 5, robot control unit: 
6, electroplating baths; 7, infeed station for 
part holders

residue to run off, transfer the sup
port to the next station, stop, lower 
and trip the support, and move it 
to the next station.

Depending on the purpose they have 
to serve, the baths are complete with 
exhaust fans to remove harmful 
vapors and devices intended to heat 
or cool solvents and supply water for 
washing and clean the baths’ solvent 
surfaces. Workshop sections incorpo
rate process control devices, electro
lyte filters, and rectifiers.

The parts are dried in chambers with 
jets of hot air. Load drums are made 
of polypropylene.

The robot operates from a remote

Fig. 5.45. Automatic electroplating line with 
the gantry-type robot model rM500.U03.01
7, end effector; 2 , robot; 3, rail track; 
4, electroplating baths: 5, robot control 
unit; 6 cable; 7, position sensors above 
baths; 3, infeed station

20-082
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Table 5.10. Technical Characteristics of Metal Plating Lines Serviced by Robots

Characteristic Line withTtelfer 
robot

Line with gantry 
robot

Load capacity of robot, kg 500 1 250X2
Speed in horizontal plane, m/min 15/30
Load lifting speed, m/min 8
Number of end effectors 1 1 2
Type of grasping Hooking on
Number of axes of motion 2
Max. bath dimensions, mm:

length 500, 1000
width 1100, 1500, 2800 1 1100, 1500, 2200
depth 1200 , 1500

Max. number of load/unload positions 18
Permissible positional error, mm ±50
Permissible number of robot’s electric drive
switchings in an hour 120
Max. number of control commands, incre
ments (steps) 41
Command controller Electronic gate-based system
Control system Cycle type
Max. line output, m2/h, in

electroplating 120
electroless plating 150

Mass of parts loaded into drum, kg, for
electroplating CO
electroless plating 120

Rotational speed of drum, rpm, in
electroplating 8
electroless plating 1.7

Overall dimensions of containers, m:
length 1.2 -3.2
width 2.5 -6
height 3-5.5

Note. The ^UM-20 control system is also suitable for use.
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controller via a flexible cable laid 
along the rail track which also car
ries sensors signaling the robot to 
stop at loading/unloading positions.

The robot (auto-operator) advances 
to the pickup position with its end 
effector lowered so as to hook on to 
the loaded container. As the robot 
stops moving, the actuator begins 
to drive the end effector to lift the 
container from the bath. The robot 
then transfers the container to the 
next station (position).

The technical characteristics of 
automatic lines are given in Table 5.10. 
The lines are similar in design, except 
for the types of robots they use. The 
choice of the type of a robot depends 
in each particular case on whether 
or not the shop allows for laying 
the monorail track. Each line is 
complete with one or two robots 
depending on the requirements of 
the manufacturing process.

The telfer-type robot model 
rM500H,02.01 finds most extensive 
applications. The robot rides a mono- 
rail suspended from the shop ceiling 
or from special cantilever supports. 
The monorail can be rectilinear if 
the robot tends a single-row line or 
oval in plan if the line comprises two 
parallel rows of baths.

This type of layout offers the advan
tages in that the monorail suspended 
from the ceiling makes the line more 
compact and permits free access to 
the baths, which is of much impor
tance for maintenance and repair. 
Also, the specific quantity of metal 
requred for the line and robots as a 
whole is comparatively small.

The gantry-type TM5001103.01 ro
bot finds use where it is impossible to 
lay a monorail track. The robot moves 
along a double-rail track fastened on 
brackets directly attached to the 
rim of baths (see Fig. 5.45). This 
layout suffers from the following disad
vantages: one robot cannot service 
a line with two rows of baths; the line 
has increased dimensions in plan 
because of the additional posts which 
are to be set up to support the ends 
of rails at the start and the end of 
the line; the rail track does not allow 
easy access to the baths for their 
maintenance and repair.

5.10. APPLICATIONS 
IN MATERIAL HANDLING 
AND WAREHOUSING

The main tasks of handling robots 
are to establish the links between 
the inlet and outlet transport facili
ties and between the flows of products 
and the process equipment and also 
to automate packaging, storing, bat
ching, loading/unloading, and other 
handling operations. Thus in handling 
and warehousing, robots transfer ma
terials in warehouses, reload conveyors, 
perform palletizing and depalletiz- 
ing, and do many other jobs.

Material handling. Both overhead 
and ground mobile robots can serve 
as transportation means.

The two-axis 250-kg capacity 
TPT-1-250 robot briefly described in 
Ch. 4  is a shop transport vehicle for 
handling containers. Its two telescopic 
booms carrying a grid-protected grip
per are fitted to a teller running on 
an overhead monorail.

Mobile ground wheeled or track- 
laying cars ride a monorail or move 
along a traced path. The control pa
nel’s operator actuates switches and 
sets up the program for the end posi
tions and intermediate stop positions. 
If it rides a monorail, the car stops 
by the commands of relay-type sen
sors receiving the program signals. 
The control of motions is similar 
where the car is driven by the chain 
or receives energy from a current 
collector (trolley): a special roller 
(program reader) under the car moves 
over the projections in the floor at 
each stop point and shapes the sig
nals for the control program.

In use are also optical, electromag
netic, ultrasonic, and other systems 
for automatic programming and re
gulation of the course of cars. In the 
optical system, a photodetector sen
ses a white line traced on the floor 
and signals the car to stop where the 
line is broken. The cars with the 
electromagnetic system of a course 
holding along the path of a current 
lead enjoy most extensive applica
tions. The schematic representation 
of such a car is shown in Fig. 5.46. 
The program of movements and the

20 *



308 CH. 5. ROBOT APPLICATIONS

Fig. 5.46. Mobile car with automatic gui
dance
I, brake coil; 2, transistor control unit; 
3, ;brake handle; 4, drive; 5, indicating 
light; 6, safeguard; 7, bumper; 8, control 
unit drive; 9, program set-up panel; 10, sto
rage battery

number of stop positions are set up 
by the operator. The load-carrying 
cars come complete with pushers, 
lifters, or manipulators mounted on 
their load platforms or installed on 
the floor at reload points. In the lat
ter case the car’s control system synch
ronizes the operation of auxiliary 
mechanisms.

Loading/unloading operations link
ing the inlet and outlet flows of pro
ducts. Robots find very extensive 
uses for the automation of the load
ing/unloading operations. They trans
fer objects from one conveyor on to 
another, grasp parts from a conveyor 
and load them into containers for

Fig. 5.47. Robot linking two conveyors
I, 3, chute conveyors; 2, robot control sys
tem; 4, overhead conveyor; 5, 7, turners; 
6, robot

subsequent packaging, etc. A typical 
example of how a robot links two 
conveyors is given in Fig. 5.47. In 
fact almost all modern robot models, 
both stationary and mobile types of 
the ground and overhead design 
versions, can perform this task.

The robot can load an automatic 
line or a conveyor if part feeders/ 
orienters deliver workpieces to its 
pickup position. Experimental mo
dels are now available, for example, 
yM40O4.25.ll and Adam-02 robots, 
which are able to pick up and orient 
the depalletized parts. These models 
open up new possibilities for tackling 
loading/unloading tasks.

Automation in warehousing is a 
problem of prime importance. In 
Soviet industry this problem is being 
dealt with by robotizing the opera
tions involved in conveying and 
storing of workpieces and finished 
products in flexible production sy
stems. Warehouses at engineering 
plants can be of a variety of designs23. 
Automated manufacturing systems wi
dely use warehouses which consist of 
sectional racks and include one or two 
stackers or palletizers, loading/unload
ing mechanisms, and transport faci
lities which provide the links with 
the process equipment. Robots can 
successfully tackle the tasks associa
ted with servicing stores.

The control over warehousing can 
be done in one of the following ways 
depending on the design of a ware
house and the control system employed:

—manual control by the operator 
who sets the stacker in motion from 
the control panel mounted on this 
machine;

—remote control of the stacker by 
the operator from the central con
trol panel;

—semiautomatic programmable con
trol, by which the operator himself 
specifies the program for a stacker to 
execute a set of motions in the desired 
sequence;

--automated control, by which an 
automatic machine can execute a 
preset program of operations over a 
definite period on the command of 
the operator who can switch it over 
for tne next program or set up the 
machine for another job;
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-computer-aided control, by which 
the computer stores data on the parts 
delivered to the warehouse, provides 
data on the location of individual 
batches of workpieces and parts, 
keeps a record of finished and unwor
ked parts and the entire stock, and 
calculates the sequence of machining 
the batches of workpieces on mach
ine tools, taking into account the vol
ume of workpieces and tools, the cont
rol programs available, and the readi
ness of machinery.

The stacker is a truck moving in 
two coordinates alongside the racks. 
The truck carries an arm with a scoop 
which can extend into the nests of 
the rack. The stacker can operate 
from an individual panel, a central 
panel, or from the panels at the work
places of machine tool operators. 
The automated warehouses which 
receive, store, and distribute work- 
pieces, parts, and tools are applicable 
to production systems turning out 
low- to high-volume batches of pro
ducts. More detailed information on 
the design of automated warehouses 
is given in work23.

Transfer arms (manipulators) can 
be put on the job to perform simple 
storing operations. Fig. 5.48 illustra
tes an example of the design version 
of a warehouse storing parts in con
tainers placed one above another in 
a few rows within an allotted floor 
space. As seen from the figure, the 
manipulator 1 unloads containers 3 
installed on mobile intershop or shop 
transportation means 2. The battery- 
operated truck 2 stops at a fixed 
position as its rear wheels run over a 
spring-loaded platform which actua
tes a switch signaling the manipula
tor to start on the job. The end ef
fector has a tactile pin which shapes a 
signal for the manipulator to grasp 
the container as the pin touches it. 
The transfer arm is set up on a car
riage running on a monorail along
side the racks. The manipulator per
forms the following operations: loads/ 
unloads transport facilities, transfers 
containers, within the store area and 
stacks in a few rows at specified 
points, distributes containers among 
the preassigned stations as it responds 
to stop signals received from the

supervisory panel, searches for con
tainers and delivers them to inlet/ 
outlet stations. These manipulators 
can be used to advantage in simple 
storage yards.

5.11. WORK CYCLE TIME 
ANALYSIS FOR ROBOTIC SYSTEMS

Where one robot tends a single 
machine such as a press or a casting 
machine, the downtime of the pro
duction equipment due to servicing 
can be a minimum. However, such a 
layout often leads to an unwarranted 
increase in the number of robots and 
thus a decrease of robot uptime. If 
one robot services a group of mach
ines, steps should be taken to reduce 
the idle time of the production equip
ment.

In a robotic system comprising a 
group of machines which operate as a 
synchronous transfer line, the opti
mum number of these machines can 
be found from the line output rate 
T i and the time that does not enter 
the line work cycle time, i.e. the 
time the robot takes to service one 
production station:

n <  T }lt +  1 (5.1)
In the general case, the optimum 

number of machines, probable periods 
of their idle time, and the utilization 
factor for a robot are deducible by 
specifying an ordered pattern of ser
vicing if the definite values of Ti and
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t t are known. But, where a shop is 
expected to operate on a self-con
tained basis, to machine a wide range 
of workpieces and to change over fre
quently from one product to another, 
it is wise to make a tentative estimate 
of the parameters at the design stage.

If a workshop section consists of 
one robot and n machines accommodat
ing a range of workpieces over a time 
cycle Tf distributed between the 
start and end points a and b by the 
law P = F (71), it is safe to assume 
to a sufficient degree of accuracy for 
practical purposes that the probability 
of the robot’s servicing the ith mach
ine at a random moment is equal to

Pi  =  tiHTi  +  t t) (5.2)
The probability that the periods of 

servicing k machines may overlap is 
equal to the product of probabilities

^ 1 . 2 .............. f t  =  PlPlP& • • •> P,h
If a robot tends two machines, the 

machine downtime is
=  Pl9 2 =  P1P2 

If it tends three machines,

=  ^ 1*2 +  ^ 2 , 3  +  P  3»1 —  P  1 »2»3

For four machines serviced by a robot, 
^d4 =   ̂ (^1 , 2  P 1 ,2 , 3 ) +  4 (2 P l t 2 t 3

l̂»2.3»4) 4~ 3Pi,2 ,3 , 4

The mean values of P1? Pll2, p 1§ t 
etc. can be found from the distribul 
tion formula P =  F (T). Substituting 
T =  Tit yields

b

p=)  ^ i F(T)rfT (5-3)
a

M°st distribution problems present 
difficulties where the solution is 
sought by quadratures, so use should 
be made of numerical quadrature 
methods to determine the desired 
values on digital computers.

The utilization coefficient for a 
robot tending n machines is

Cut =  (-d+i) ( i + r dn/») (5-4>
where T is the total downtime for 
the workshop section.

5.12. ROBOT ECONOMICS

General. A project put forward for 
the development of a new robot model 
involves a number of calculations to 
be made to justify its viability in 
financial, technical, and social terms. 
The calculations covering the stages 
of robot design and development of 
a workable production prototype must 
reveal the following: the return on 
investment in one robot and net pro
fit it would yield during its entire 
life; the annual return on investment 
required to produce a batch of robots; 
the payback period on the invest
ments made by the producer and the 
user; and savings due to social-econo
mic factors.

The calculations covering the stage 
of robot introduction into the produc
tion system must define the economic 
effectiveness of robot application in 
terms of the annual return on the 
capital investment in one robot, sa
vings due to social-economic factors, 
and the payback period.

Thus the comparison made between 
the new and the conventional equip
ment in terms of the equipment cost, 
capital investment, product cost, and 
cost savings will reveal the cost ef
fectiveness of the new machinery.

These estimates should take into 
account the fact that a robot is a 
multifunctional machine and can be 
taught to do a few jobs. The class of 
robots combines the features of auto
matic auxiliary equipment (handl
ing robots) and the features of pro
duction equipment (manufacturing ro
bots).

The calculation techniques aimed at 
estimating the cost effectiveness of 
the production and application of 
manufacturing robots (MRs) are the 
same as those applied to new produc
tion equipment such as machine 
tools, automatic welders, benders, 
and assembly machines.

Handling robots (HRs) designed to 
service the process equipment must be 
regarded as the constituents of pro
cess equipment-robot setups. The cost 
effectiveness of HRs harnessed to 
perform handling and warehousing 
tasks is defined by comparing the 
performance of this type of robot



5.12. ROBOT ECONOMICS 311

with that of machines executing the 
same tasks.

Universal robots (URs) combine the 
features of automatic auxiliary ma
chines and those inherent in produc
tion equipment.

The savings due to social-economic 
factors are additional savings which 
result from the reduced expenses on 
public health and social security 
owing to a reduction of injuries and 
occupational diseases, decreased labor 
turnover, and elimination of losses 
due to fatigue of workers (unstable 
product quality, and uneven perfor
mance during the shift).

In work24 are laid out the state
ments to be governed by to estimate 
the cost effectiveness of robots by 
economic and technical indexes which 
are not specific to the machines of 
the given category. The calculations 
should be compared, verified, and 
approved in keeping with pertinent 
instructions.

The choice of a comparison base to 
evaluate the effectiveness of robots. At 
the stage of robot design and develop
ment of a production prototype, the 
comparison base is taken to be the 
performance of advanced machinery. 
Before deciding on the choice of a 
base model, the engineer should spe
cify all design and technological re
quirements on a new robot to be 
able to determine whether the new 
design is fit to the expected field 
of application as regards its functional 
capabilities.

A robot analogous in design and 
performance characteristics to the 
model under development can serve 
as a comparison base.

If an analog does not exist in the 
world’s robotic engineering, the fol
lowing equipment can be taken as a 
comparison base:

—advanced process equipment for 
a MR designed to carry out the same 
tasks;

—manual auxiliary equipment for 
an HR intended to accomplish the 
same auxiliary operations in a robot- 
process equipment setup;

—special handling-warehousing fa
cilities for an HR intended to perform 
handling and warehousing operations 
on the self-contained basis;

—universal equipment for a UR 
designed to perform the same range 
of tasks listed in specifications.

If the specifications do not stipul
ate the field of UR application, the 
calculation must be made for a few 
applications of the universal robot 
both as a manufacturing and as a 
handling unit. The justification for 
the development of UR must rely 
here on RMS values obtained from 
a series of calculations.

At the stage of installing a robot 
into the production system, the dis
carded equipment is taken as a com
parison base.

The variants of comparison bases 
selected to evaluate the economic ef
fectiveness of robots are shown in 
Fig. 5.49.

A comparison base is chosen with 
consideration for the following basic 
technical indexes which are common 
to all groups of robots: the payload 
(kg), number of axes of motion, 
work envelope volume (m3), repeata
bility (±mm), perfection coefficient 
Cp, and total reliability coefficient 
CT, Additional comparison parame
ters are the number of operations to 
be done, the operation execution rate, 
and the number of machine models to 
be serviced. The first two parameters 
relate to MRs and the entire set to 
HRs.

The conditional perfection coeffi
cient Cp and total reliability coeffi
cient CT can be used to compare the 
technical indexes of the base model 
with those of a new model25:
C v =  C i C i i C i u C i \ C \ C \ i C \ i i C Y i i i

(5.5)
where Ci =  V2IV1 is the factor to 
account for the work envelope volume; 
V2 =  (1 + 0 .3 ) Vi\ Ci i  =  tclltC2 is the 
factor to account for the robot’s work 
cycle time needed to perform the gi
ven set of operations; tC2 <; tcl\ C m  =  
=  £s l / * s 2  is the factor to account for 
the time required to set up a robot; 
*s2<  ^si’ Civ = QjQi  is th0  factor 
to account for the load capacity Q of 
the robot’s one arm; Q2 =  (1 ±  0.2)(h; 
Cy =  nel/n*2 is the factor to account 
for the number of units of equipment, 
ne, or the number of work stations
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Comparison base at design 
and pilot stages

Fig. 5.49. Variants of comparison bases to evaluate the economic effectiveness of industrial 
robots .
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tended by one robot; C \\  =  A1/A2 
is the factor to account for repea
tability A; A2<  Aa; Cy ix =  nT2/nrl 
is the factor to account for the range 
of machine models the robot can 
service or the range of operations it 
can execute; nr2>  nTl; C viii =  'n̂ 'ni 
is the factor to account for the numner 
of axes of motion; and t)2 =  r|i +  2 .

The total reliability coefficient is

CT =  Tfl(Tf  +  T) (5.6)

where Tf  is the mean time between 
failures (MTBF), h; and T is the 
mean recovery time, h.

The project for the development of 
a new model can be adopted if Cp >  1 
and CT2>  CT1.

Factors contributing to additional 
savings. Summing up, the factors 
that add to the savings owing to 
robot applications are the following.

1 . Consistent and precise perfor
mance of robots. The robot is a will
ing and tireless worker which can 
perfectly repeat operations over and 
over again during one or two shifts. 
The result is the elimination of los
ses due to operator fatigue which

causes spoilage and uneven perfor
mance during the shift. The robot 
does not take breaks for lunch, nor 
time off, and eliminates the losses 
due to diseases, injuries, and absen
teeism.

2 . Reduced labor turnover. The 
robot frees the man from any tedious, 
monotonous, and unpleasant opera
tions the human operator is unwill
ing to do and allows shifting workers 
to easier and more rewarding jobs.

3. Labor cost reduction due to 
improved conditions of labor. Sav
ings here are appreciable if one consi
ders all expenses on social security, ad
ditional payments and fringe bene
fits the workers must get if they work 
in undesirable environments.

Along with these factors, other fac
tors discussed above are taken into 
consideration for the economic justi
fication of robots both at the stage 
of robot design and development and 
at the stage of robot applications in 
industry.

The information on the calculation 
of the cost effectiveness of robot ap
plications is given in works25*26.
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Robot W ork 
Cell Operation. 
Basic Concepts

Tlie efficient operation of a robotic 
cell (RC) calls for taking a number of 
measures to ensure safe and trouble- 
free performance of equipment, to 
carry out repair, maintenance, and 
adjustment of machines, to organize 
management, financing, etc. The pri
mary task is to prevent an unexpec
ted failure of equipment and to reduce 
the idle machine time and losses. 
In the general case, the tasks being 
undertaken to achieve the rational 
operation of robot workshop sections 
are similar to the tasks of bringing 
into service the automatic transfer 
lines and automated shop sections. 
For this reason the treatment below 
will be given to those problems which 
are specific to automatic machines.

6.1. SAFETY SYSTEMS

Safety systems serve to prevent 
the occurrence of emergency situa
tions hazardous to the life and health 
of attendants working in robotic cells. 
Like any other automatic machines, 
the robots which manipulate and 
convey objects within the RC work 
area can be potentially dangerous 
and may inflict injuries to the at
tendants if proper safety measures 
are not taken.

Arrangement of safety systems. Ge
neral statements. The main causes 
responsible for occurrence of emergen
cy situations in robot work cells are 
the following: incorrect (unexpected) 
motions of a robot during its train
ing or in the course of its operation, 
including excessive errors in position
ing of robot limbs; failure of produc
tion equipment in the workshop sec
tion; erroneous actions of the operator 
when he sets up or repairs the equip

ment; disabled safety devices that 
allow access of a man to the robot’s 
work area when the robot operates 
in the automatic mode; disturbances 
in the robot’s rated load capacity; 
inconvenient and close arrangement of 
machines, control panels, feeders, 
storage units, and transport facili
ties; location of the control panel 
within the robot’s working space and 
absence of safety rails and fences; 
disabled interlocks which fail to 
arrest the active robot in case of an 
emergency; lack of accurate infor
mation on the status of the shop sec
tion and causes of trouble, with the 
result that the operator cannot take 
preventive actions.

A rational robotic cell layout and 
special safety devices can ensure a 
trouble-free production run and safety 
in operation. It is of importance to 
exclude the possibility of the opera
tor’s presence in the work area of 
the robot at the moment when it 
handles objects.

The layout of equipment-robot set
ups, robotic systems, and lines must 
provide for free and safe access to 
robots, production and auxiliary equip
ment, controls and emergency devices 
to disconnect all types of machinery. 
It is desirable to arrange control 
elements and safety interlock swit
ches on the common control panel 
and install standby duplicate inter
lock controls in front of the equip
ment along the path the attendants 
might take.

The layout of an RC must envisage 
normal lighting and the requisite 
field of vision for the operator.

The layout of robotic cells, sec
tions, and lines depends on the type 
of process equipment, its arrangement 
and shape, size and location of work
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areas, level of automation of the 
equipment and its reliability, and 
the information available. The type 
of robot, its functional block dia
gram and information system also 
determine the cell layout. For exam
ple, overhead mobile robots and also 
robots which have work areas separate 
from the work areas of the operator 
make for easier access to the equip
ment and for its inspection. The 
advanced information system of a 
Tobot also aids in improving safety 
conditions for attendants and secure 
the trouble-free operation of the equip
ment.

Consider three types of cell layouts 
differing in the location of the robot’s 
work area and the operator’s work
place (Fig. 6.1).

The work station of Fig. 6.1a exclu
des the possibility that the operator 
gets into the work area of the robot 
as it automatically performs the cycle 
of operations. The circular protective 
fence here has gates electrically inter
locked with the robot control cir
cuit which sends a command signal 
for the robot to stop when the opera
tor opens the/gate. The equipment 
with built-in robots has the same 
type of safety system. The operator 
must set up the work station and 
correct it for proper operation from 
his panel beyond the robot’s work

area. The safety fence must not hin
der the visual control over the robotic 
cell. Any troubles should be removed 
and required maintenance accom
plished with the robot switched 
off automatic mode of operation.

The cell of Fig. 6.16 has the work 
area common to the operator and the 
robot. This layout calls for special 
safety measures to protect the opera
tor. The cells of this type are complete 
with self-contained robots each serv
ing one or a few machines. If the robot 
is a fixed-sequence manipulator, the 
interlocks must arrest the robot if a 
man has appeared in the robot’s 
work area. Where use is made of 
flexible robots, adaptable robots in
cluding, the sequence of execution 
of control program steps is not set 
up beforehand but is defined in the 
course of the process on the basis of 
the information arriving from the 
process equipment entering the cell, 
such as the ACBP type discussed in 
Gh. 5. In adaptable flexible robotic 
cells, the robot must come to a halt 
only at the work area points where 
the operator may happen to stay.

The cell of Fig. 6.1c is an example 
of the layout with separate work 
areas for the operator and the robot; 
the robot loads the machines from the 
rear, and the operator moves along 
the front of the equipment. Here, too,
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safety devices must signal to inter
locks to restrict the robot arm move
ments if an intruder might wander 
within the range of the robot.

Safety devices thus keep a watch 
on the positions of robot mechanisms 
in space and shape the command 
signals to stop the robot in case of 
an emergency. The robot is put back 
on stream by the operator who sets up 
and attends to the workshop section.

The design of a robot must allow for 
the operation conditions and environ
mental factors which may affect the 
reliability and trouble-free perfor
mance of the robot. In designing a 
robot for work in aggressive environ
ments, it is proper to package the 
robot as a self-contained corrosion- 
proof entity. A sudden removal of 
power must not cause damage to the 
robot or threat to the attendants. The 
gripper must hold an object if the 
power is cut off. Signaling and warn
ing coloration, safety marks applied 
on the robot, and also protective rails 
must meet safety regulations. In 
deciding on the choice of the means of 
alarm signaling and warning, prefe
rence should be given to audible sig
nal devices.

The robot control panel must be 
set up beyond the work area, at the 
site from which the operator can view 
the robot and equipment of the 
robotic cell.

The designs of robotic cells, automa
ted sections, and transfer lines must 
envisage the maximum possible me
chanization and automation of auxi
liary operations responsible for expo
sure of workers to harmful and hazar
dous influences. Protective rails, sa
fety signs, and color marks painted 
on machines must comply with per
tinent safety requirements. The outer- 
perimeter safety fence should be at 
least 0.8 m distant from the bounda
ries of the robot work area.

If a robot manipulates objects above 
workplaces, passages, and driveways, 
it is necessary to stretch protective 
grids, screens, or other guards below 
the entire path x)f the robot. If a 
robot work cell has a few control pa
nels, provision should be made for 
interlocking the parallel control from 
the two panels at a time.

Automatic transfer lines and work
shop sections must be fitted with 
emergency stop buttons to shut down 
robots and the rest of the tooling. 
Stop buttons in the operator’s work 
area must be spaced 4 m apart at 
most.

Only the persons who have gone 
through the course of special training 
can be allowed to service robot work 
cells. Each plant has a safety depart
ment which must exercise control 
over safety facilities, take certain 
safety measures, and see to it that 
the personnel observes safety rules. 
Interbranch and departmental regu
lations establish the daily order of 
work, breaks for lunch and time-outs 
for rest of workers engaged in robot 
work cells.

Special safety devices. These devices 
monitor the execution of a control 
program and keep check on whether 
the robot correctly performs the 
given motions. The methods of con
trol over the robot movements differ 
with the robot design, type of drive 
and control system. In robots with ser
vo drives, it is the feedback sensors 
that correct the motions of a robot as 
it executes a control program. Open- 
loop control robots employ various 
devices which ensure the desired re
peatability.

Where the positional error grows 
gradually, for example, as the result 
of some systematic disturbances in 
the operation of an NG device, con
trol over the motions of robot articu
lations is done at certain points 
within the automated workshop sec
tion. These points generally lie at 
work stations of the production and 
auxiliary equipment: a point at the 
start position from which robot be
gins to scan the area of a feeder to 
pick up a part from the bulk; a point 
at the start position from Which the 
robot advances to a machine to load/ 
unload it; etc. If the number of 
control points is small, two or three 
along each coordinate, specially adju
sted lim it switches mounted on the 
robot itself provide for the position
ing control. An increase in the num
ber of control points necessitates 
disposing sensitive elements within 
the entire RG.
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The devices that control the inte
raction of a robot with peripheral 
equipment minimize the hazards in 
emergency situations. These devices 
must operate in an emergency to lock 
the affected robot out of the system 
if its limbs experience excessive loads 
exerted by the equipment being ser
viced. The sensors of force (moment) 
are often suitable for the purpose. 
Simpler control devices can also do 
depending on the design of a robot.

Grasping mechanisms are often 
fitted with protective brackets carry
ing tactile sensors which are micro- 
switches actuated at the moment 
when the gripper runs into an obstacle.

The reliability and safety in opera
tion of a robot also depend on how 
fast the robot can adapt itself to 
changes in the environment. Adaptive 
control enables a robot to escape 
accidents and breakage if parts arrive 
at the pickup station in incorrect 
orientations and if the shape and 
size of parts deviate from the speci
fied limits.

The protective guards of robot work 
areas can use various devices equip
ped with contact, force, ultrasonic, 
induction, optical, and other sen
sors. To these devices belong spring- 
loaded platforms, bridges, bumpers, 
etc. Proceeding from the criteria of 
low cost and high operating reliabi
lity, the following sensors can be cho
sen: contact or proximity switches 
for open-loop control robots to deter
mine the positions of robot limbs in 
space; position sensors for servo-con
trolled robots; and optical sensors 
such as sensors operating on the 
sight check basis to spot a man in 
the robot work area.

In the USSR, an optical interlock 
system has been developed to guard 
the robot work areas. The system is 
built up on the modular principle 
and can effectively protect atten
dants whatever the configuration of 
a robot work cell. The system includes 
posts for radiators and photodetectors 
operated pairwise and a block of 
converters baWd on logic elements.

Each radiator post carries a radia
tor proper, signal lamp, and cancel 
button. A photodetector post contains 
a photodetector, signal lamp, cancel

Fig. 6.2. Typical layouts of robot work cells 
and siting of radiator and photodetector posts 
I, production equipment; 2% robot; 3, radi
ator; 4, detector

button, and printed-circuit amplifier 
for detector output signals. The devi
ces mounted on posts generate sig
nals at the moment when a man ap
pears in any region of the robot work 
space.

The block of converters digitizes 
photodetector signals and signals cha
racteristic of a robot position and 
shapes a command signal to put the 
robot in a hold mode in an emergency 
and also a signal to cancel the hold 
command.

The converters receive the informa
tion on the robot position from proxi
mity microswitches fastened to a mono- 
rail running along the entire perime
ter of the robot work area divided 
into twelve search regions at most.

A change in the mode of operation 
of the converter block in accordance 
with the required layout of a robo
tized workshop section is possible 
through the replacement of printed 
circuit boards by the requisite sets.

Figure 6.2 shows the typical layouts 
of robot work cells and the siting of 
radiator and photodetector posts. The 
system operates in the following way. 
Should a man enter a region of the 
work area and cut the light beam
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coming from a radiator, all signal 
lamps on the posts bounding this 
region go on. Proximity switches 
give an indication when the robot 
enters this region, so the converters 
issue an emergency signal to the NC 
device to restrict the robot move
ments. The operator can push down 
one of the cancel buttons on the

Eosts, if necessary, and put the robot 
ack on the job to complete the cycle 

of programmed motions.
The system can incorporate additio

nal safety devices to provide more 
safety for the attendants. These can be 
extensible stop pins arranged along 
the perimeter of the robot work area. 
The operator or the safety system 
itself can issue a command for the 
stop pins to extend and arrest the 
robot if a man enters its work area. 
The system can also use other dupli
cate safety devices.

6.2. TESTING METHODS 
AND ACCEPTANCE RULES

The robots subject to tests should 
be regarded as multifunctional ma
chines which have to feature the 
following:

—show the ability to be reset for 
other sequences of movements which 
differ in magnitude and accuracy and 
for other speeds of slave mechanisms;

— retain the dynamic parameters 
in the course of manipulation of 
objects with changes in, say, the 
mass of objects and adapt themselves 
to the environment;

—preserve the definite dynamic 
performance of working mechanisms 
which are specific devices with a

few degrees of freedom and an open 
kinematic chain;

—have functional capabilities which 
match the assigned tasks they have 
to do;

—meet safety requirements in the 
expected field of application.

In conducting any types of testing,, 
checks should be done to reveal the 
consistency of the above features.

The type of trial determines the 
set of parameters to be defined, checks 
to be performed, and the choice to 
be made of the testing method and 
requisite measuring devices.

Robots are put to a number of 
tests at the stages of design and 
prototype development (Table 6.1).

General requirements for robot tests* 
Requirements on test conditions. At 
the test site, temperature variations, 
noise, vibrations, various disturban
ces, amounts of harmful gases and 
vapors, etc. must be kept within the- 
limits specified by the test procedure. 
Tests can be run both at normal and 
at abnormal values of environmental 
parameters if need be. For the robots 
designed to work at enhanced tem
peratures, high dusts and gas con
tents, and increased atmospheric hu
midities, testing should be done 
under similar operating conditions 
or in a climatizer simulating the 
above conditions.

The tests are performed in a defi
nite order specified by pertinent stan
dards. Acceptance tests are as a rule 
carried out at the plant of the manu
facturer. These tests can also be 
conducted at the plant of the user or 
at other sites in agreement with the 
organizations and enterprises con
cerned. The site for research and type

Table 6.1. Types of Test Done on Robots

Test
specimen

Develop
ment test

Check
test

Rese
arch
test

Prelimi
nary
test

Accep
tance
test

Certifi
cation

test
Periodic

test
Type
test

Prototype + * + + + + + * _ _
Pilot model + * + + * — — + * — —

Commercial J
model + + * + + +

* The tests are run at the development engineer’s discretion.
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tests is chosen by the development 
engineer or by the enterprise which 
is going to carry out the given tests.

Requirements for robots subject to 
testing. The robots delivered for ac
ceptance tests should be quite service
able, complete with a set of accesso
ries made to order and listed in the 
accompanying test acceptance docu
ments (including an additional set of 
auxiliaries charged separately). The 
test specimens should be set up in 
accordance with service instructions 
so that they have performance para
meters unchangeable during the tests. 
The requirements for consistency of 
parameters do not extend to reliabi
lity tests.

If tests are run on several robots 
simultaneously, the layout of robots 
must exclude the effect of one robot 
on the other and also the effect on 
measuring devices.

Where acceptance tests are done 
on handling robots with the aim to 
verify the execution of process com
mands and check safety devices for 
performance, the robots should operate 
with process and auxiliary equipment 
or with special test rigs that simulate 
the operation of the equipment.

Manufacturing robots must be com
plete with all requisite devices to 
perform welding, paint spraying, as
sembly, and other operations.

Test site requirements. The robot 
under test must operate in a room 
which can ensure its normal run. Its 
siting must be done in accordance 
with the service manual. Prior to tests, 
the robot must be filled with power 
fluids and connected to the power 
source. At the test site all safety pre
cautions should be taken and safety 
rules observed. The test area must be 
fenced in, and caution signs must be 
posted in the passage to warn unauth
orized persons against entering the 
site. A red strip not less than 100 mm 
wide must be drawn on the floor to 
mark out the boundary of the robot 
work area if this space is not bounded 
by other safety means. Extraneous 
objects and equipment that may ob
struct or limit the robot motions must 
not be present in the work area. The 
equipment and devices must be groun
ded. The operator’s workplace must

provide for convenient visual control 
over the robot motions. Only persons 
who have completed the industrial 
safety course and have gone through 
a briefing on safety regulations must 
be allowed to service robots. The ope
rator must be at the control panel when 
the robot performs its tasks in the 
automatic mode.

The robot must be immediately 
shut down at the first signs of mal
functions and failures. The robot can 
be put back on the job only after 
revealing the causes of malfunctions 
and recovering the errors.

Requirements for test instrumentation. 
The measuring devices used to check 
and investigate robots must have ap
propriate fittness certificates issued 
in an established order. The measure
ment results must be corrected for 
errors of instruments. Mandrels, posts, 
and holders must be rigid enough so 
that the strain they experience under 
the action of force arising during mea
surements and the mass of the instru
ment should be negligibly small in 
comparison with the allowance for the 
parameter being verified. The checks 
during acceptance runs should be done 
with simple instruments where pos
sible.

In making a choice of the recording 
equipment, preference should be given 
to commercial analog recorders and 
measuring-computing systems. The 
sensors used for the measurement 
purposes should not be in error in 
excess of 1 to 6 %.

Presentation of test results. The re
sults of acceptance tests are entered 
in test record sheets and test reports. 
The evaluation of test results is done 
in accordance with the requirements 
prescribed in the instructions for 
tests on particular robot models.

The sections of a test report (test 
certificate) contain only the basic 
results of testing. The tables, graphs, 
diagrams, etc. constitute appendices 
to the report. The report must include 
the list of failures and malfunctions 
revealed during the tests.

The results of investigation tests are 
given in the reports duly drawn up 
and submitted for approval to the ma
nagement of the plant or organization 
which has conducted the tests.
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The results of certification tests 
are put down on test record sheets 
executed on forms specified in perti
nent instructions for the procedure 
of certification of products turned out 
by the plants of various branches of 
industry.

Similarly, reports are made up on 
periodic and type tests and submitted 
to the management’s approval.

Requirements for individual tests. 
Preliminary, acceptance, and certifi
cation tests are run in keeping with 
the unified test programs and tech
niques.

Check tests are carried out as pres
cribed by the instruction drawn up on 
the basis of the program of acceptance 
tests.

The amount of acceptance test must 
be a minimum but the results must 
he sufficient to estimate the perfor
mance level of the robot and draw 
a conclusion of whether the prototype 
is adequate for commercial producti
on. Acceptance tests should verify the 
performance of the robot by checking 
its parameters in the most unfavour
able combination but permissible 
by the service forms and records. 
Thus, the robot must be tested for 
maximum speed and strokes of working 
mechanisms, rated load capacities, etc.

At the main stages of the acceptance 
procedure one must pursue the follow
ing: check the robot for complete
ness and verify whether its ratings 
conform to standards and specificati
ons; examine the robot run at load and 
no load; check the prototype for 
accuracy and quality of its assembly, 
base members, and external appearan
ce; test all auxiliaries and subject the 
robot to performance trials.

Particular attention should be paid 
to the operation of interlocks and safe
ty devices which must provide the 
correct interaction of the robot with 
production equipment, limit the gross 
movements of its slave mechanisms, 
stop the robot in case of an emergency, 
and ensure that the gripper reliably 
holds an object after sudden removal 
of the power. Checks for safe operation 
must be run repeatedly in at least 
five cycles of interlock switching.

In the test for load capacity, the 
robot switched to the automatic mode

must handle rated loads at maximum 
speeds and complete not less than 
10 transfer cycles. The work cycle must 
involve the most unfavorable com
bination of gross motions along all 
coordinates. Visual control is done by 
keeping watch on how the robot execu
tes all the motions, whether the gripper 
holds objects reliably and without 
slippage and the actuators drive the 
arm mechanisms without malfunc
tions.

Medium and maximum speeds of 
robot articulations are checked as the 
robot is run in the automatic mode.

Medium speeds are estimated by 
measuring the time of maximum dou
ble strokes back/forth, up/down, and 
left/right as the arm transfers an 
object of rated mass without the delay 
at the end of strokes. The arm must 
accomplish at least five double strokes 
along each coordinate.

Maximum speeds are determined by 
recording the time of travel over a cer
tain path length after the end of 
acceleration and before deceleration. 
Repeated checks permit defining mean 
speeds.

The check on repeatability is done 
in one of the following ways.

1. The robot must insert a shaft 
held by the gripper into a stationary 
sleeve placed vertically or horizontal
ly. The difference between the diame
ters of the shaft and sleeve must be 
equal to the rated value of repeatabi
lity (positional accuracy). The cham
fers on the shaft and sleeve are im
permissible.

2. Clock-type position indicators 
located at the points of positioning 
determine the repeatability in two 
planes one normal to the other. The 
difference between the readings of the 
indicators gives the positional accura
cy which must not be lower than 
the rating.

Both methods must define the 
repeatability for one of the points 
of the working space. The coordinates 
of the point are given in the instruc
tions for testing particular robots. 
The test is run with the robot switched 
to the automatic mode to handle 
rated loads at maximum speeds. The 
test program for the second method 
must envisage the execution of mo-
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tions along all coordinates and the 
shut-down lor the time needed to take 
off the readings.

Checks for accuracy should be carri
ed out after no-load tests in accord
ance with the plant acceptance regula
tions. The deviations from rectilinear 
paths are measured in two planes 
normal to each other.

The investigation test program can 
include static, dynamic, reliability, 
and other tests (at the development 
engineer’s discretion).

Reliability tests enable the engineer 
to clear out some of the robot proper
ties such as infallibility, longevity, 
repairability, and other features.

Periodic tests serve to compare the 
quality characteristics of commercial 
robots manufactured in different years. 
These tests are run according to the 
acceptance program not rarer than 
once in every two or three years on 
robots which have passed check tests.

Certification tests must as a rule 
coincide in time with the oncoming 
periodic tests.

Type tests serve to estimate the 
effectiveness of changes introduced in 
commercial robots. Testing is done in 
keeping with acceptance and investi
gation test programs and techniques to 
elucidate the extent to which the 
alterations improve the serviceability 
of the robot on the whole. Type tests 
are certainly not necessary if the 
changes do not improve the robot 
performance. These can be changes 
in the design of a lid, replacement of 
one component by a similar one, etc.

6.3. PREPARATORY STAGES 

IN EVOLVING THE PROJECT

Figure 6.3 displays the flowchart 
of tasks the customer has to perform to 
put forward the request for designing 
a robotic cell and also the tasks done 
by the development engineer to work 
out the project.

Practice of selecting production equi
pment and toolfag for robotic cells. 
The choice of production equipment 
is made according to the parameters 
which most fully reveal the functional 
capabilities of the given type of ma

chinery. In designing an advanced 
production process, new equipment 
is chosen to achieve the following: 
increase the output and quality of 
products; reduce losses; impart flexi
bility to the production system; 
improve working conditions; ensure 
safety and industrial sanitation.

The equipment entering into robotic 
cells should be of the same type, 
where feasible, since the maintenance 
costs of such machinery are lower. 
New models should be built up on 
the modular principle and integrated 
into the equipment currently employ
ed at the plant.

Before selecting the models'of.equip
ment for the production process 
under development, it is necessary 
to estimate the state of health of the 
available equipment and its perfor
mance and thus decide on whether 
this equipment is suitable for use in 
new conditions.

When placing the obsolescent equip
ment out of commission, one shoilld 
assess from the technical and economic 
viewpoint whether some of its parts 
and mechanisms are fit for use in 
robotic cells.

Production equipment such as mach
ine tools and presses designed to perform 
particular operations must comply 
with the requirements stated in Ch. 5.

The choice of a robot model must 
involve the calculations, briefly out
lined in Ch. 5, to estimate the cost 
effectiveness of its application in 
a robotic cell.

Depending on the conditions of 
production workshop sections can em
ploy robots of various types selected 
from the available models (see Ch. 4) 
or specially designed to meet the 
production requirements. In the latter 
case, the customer should work out 
the request for development of a new 
robot model and a robot work cell. 
Robots must satisfy special require
ments which differ with the purposes 
they are to serve (see Ch. 5).

The choice or development of gras
ping mechanisms and tools is made 
after evolving the production process. 
The specifications, calculation meth
ods, and recommended parameters of 
various end effectors and tools are 
given in Ch. 4.
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At the stage of design of tooling 
intended for work in robotic cells, 
account is taken of a number of fac
tors: the material, mass, shape, and 
size of parts to be handled; parame
ters and design features of datum 
surfaces of parts to be located in the 
work area of equipment and surfaces to 
be grasped by the robot gripper; 
equipment layout and type of location 
oi parts; characteristics of production 
equipment, robots, or other loading 
devices; contemplated volume of pro
ducts; character of orientation of 
a part at the pickup position. It is 
desirable to use feeders/orienters 
which deliver parts to the load positi
on in a proper orientation with res
pect to the position of parts in the 
work area of the machine.

Analysis of the current production 
process. The sequence of tasks invol
ved in the process analysis aimed at 
preparing a production system for 
Work with robots is shown in Fig. 6.3.

Prior to performing the analysis, it 
is necessary to specify the characteris
tics of the given production process, 
namely:

— type of production (mass, large-, 
medium-, or small-scale production);

— methods of production (single
product straight-line flow methods 
or multiple-product noncontinuous me
thods);

— character of transfer of parts 
(continuous or intermittent transfer);

— specific features of production 
(hazardous environment, treatment of 
special materials, etc.).

The analysis of the production 
process in use must define the follow
ing:

— list of pieces to be worked in the 
robotic cell;

— characteristics of parts and types 
of workpieces;

— unrealizable potential and bot
tlenecks, losses due to technical and 
organizational faults;

— makeup of production equip
ment, requirements for its moderni
zation or replacement by new models;

— distinguishing features of the 
current production process, that deter
mine an increase in its effectiveness;

— ways of changing the structure 
of production;

— ways of improving the producti
on process, mechanizing or automating 
certain operations;

— means of mechanization and 
automation, robots including, to raise 
the labour productivity;

— number of workers needed to 
perform basic and auxiliary operations 
on the specified list of parts before 
and after automation;

— layout and size of floor areas 
occupied by the equipment before and 
after automation;

— methods and means of inter
machine transportation and storage of 
workpieces, semifinished products, 
and finished parts before and after 
automation;

— accuracy control methods for 
the selected list of parts before and 
after automation;

— characteristics of industrial waste 
and methods of waste removal before 
and after automation.

Suggestions of robot application 
can receive approval only on the 
basis of the above analysis and the 
preliminary estimate of the expected 
economic effectiveness.

The request for proposal and the 
project for the development of a robot 
work cell should state the definite 
aims of work, specify the makeup of 
a robotized production system (work 
station, shop section, shop, flow line, 
etc.), its purpose, character of inter
face with the production equipment, 
controls, and transport facilities, and 
define the sources of the expected eco
nomic effectiveness and additional 
savings.

The analysis and selection of parts 
subject to machining, treatment, etc. 
in robotic cells should be made in 
accordance with the recommendations 
listed in Gh. 5.

After selection and grouping of 
parts by design and technological 
features, which enable the engineer to 
typify the technical and organizatio
nal decisions to be taken in the 
course of the production process, it is 
now possible to single out representa
tive parts with characteristics com
mon to each of the groups, i.e. the 
parts which require the largest number 
of operations typical for the parts 
of a certain group.
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Next the analysis of the current 
production process and design of a 
new process are performed to fit the 
representative parts in question.

The process analysis with suggesti
ons put forward to improve and auto
mate the process must precede the 
work on drawing up the request for 
proposal and the project for creation of 
a robotic cell. The customer can anal
yze the entire process, starting from 
the manufacture of workpieces, their 
transportation to machines and ending 
with the production of parts, or he 
can analyze its constituent stages and 
individual operations. The analysis 
permits the engineer to clarify cer
tain features specific to the production 
of the given part, to reveal new possi
bilities and bottlenecks, to work out 
recommendations on how to raise 
profitability and reduce labor costs 
through the process improvement, 
mechanization, and automation. For 
this the entire process should be bro
ken up into the simplest constituent 
elements, the thorough and critical 
analysis of which would allow the 
engineer to put forward the economi
cally founded suggestions on impro
ving the process.

As noted earlier, it is representative 
parts that determine the guideline in 
the analysis of the production process 
at the customer’s plant.

To facilitate the assessment proce
dure and to collect and process the in
formation in a uniform manner, it is 
good practice to employ diagrams 
reflecting the flowchart involved in 
working a range of parts. All opera
tions on a particular part in the 
entire manufacturing process can be 
divided into five stages (Table 6.2). 
Each operation may or may not re
quire the attention of the operator. 
Using the operation symbols presen
ted in the table, one can construct 
any flow diagram.

The flow diagram reflects the se
quence of all main and auxiliary opera
tions, singles out lifting, conveying, 
and loading ^operations, and also dis
plays the stages associated with sto
rage of parts and delays between opera
tions. The diagram includes all in
formation necessary to analyze the 
process, such as the operation time,

waiting time, length of path a part 
covers from station to station, number 
of parts in a batch, etc. Since the 
diagram vividly displays the obtained 
data, it becomes possible to arrange 
the process stages in the adequate 
sequence. Thus, by constructing the 
diagrams for the current and the sug
gested process on the same sheet, the 
engineer can compare the results and 
come to appropriate decisions to im
prove the production process from 
the technical and economic view
point.

Table 6.3 displays a record form for 
plotting the flow diagrams from the 
results of analysis of enterprises. An 
example of application of this form 
to analyze the process of machining 
cylindrical workpieces such as a shaft 
appears in Table 6.4.

The flow diagram must be supple
mented by the drawings of a work and 
finished part.

On the left side of the form the 
diagram of the current process is 
shown with suggestions to improve it; 
on its right side, the form illustrates 
the sequence of operations after im
proving the machining process. A few 
diagrams of this type can be drawn to 
compare one with the other and select 
the best variant. A new technology co
mes into being as the engineer sub
jects the former technology to thorough 
scrutiny, eliminates and combines 
various production steps, simplifies 
and improves the process. The techno
logy so evolved must be cost-effective 
and embody the latest achievement 
in engineering and industrial orga
nization.

The results of analysis involving 
technical and economic aspects thus 
permit the development engineer to 
define a new production process which 
must lie at the basis of the assignment 
for design of a robotic production 
system.

Process design for robotic production 
systems. Depending on the conditions 
of production, a decision can be taken 
to design an individual or a standard 
production process of the working and 
the long-term type if the need arises.

In the course of improving the cur
rent production process and evolving 
an acceptable version, particular con-
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Table 6.2. Operation Symbols Recommended for Use in Constructing Flow Diagrams 
to Analyze a Production Process

Name of 
operation Description

Symbol of operation

attended unattended

Manufactu
ring

Process step accomplished at one work station 
to change the shape, size, surface roughness, or 
properties of workpiece €N O

Auxiliary
Process step accomplished at one work station 
and not intended to change the shape, size, or 
properties of workpiece or product 1 a

Conveying Process step involving the transfer of product 
along definite route -► — >

Warehousing
Operation of storing 
products in specially 
allotted space under 
definite conditions

without orientation ♦ ❖
in proper 
orientation ♦ <§>

Delay of ope
ration

Waiting time for workpiece held at some work 
station pending the next operation + ~h

sideration should be given to the 
execution of operations in the most 
efficient way possible.

Application of the general rules of 
industrial efficiency makes it possible 
to achieve a rather high labor produc
tivity at comparatively low expenses. 
This is especially important for the 
plants where the use of mechanization 
and automation means, robots inclu
ding, is nowadays unprofitable or as 
yet technically impossible.

Any effort taken to perfect a pre
sent process, particularly manual 
operations, must begin with an at
tempt to raise the efficiency of la
bor. For thi£ it is necessary to find the 
best technique for the execution of 
each operation, which would require 
a minimum of effort on the part of

the worker and effect savings in 
materials, power, etc.

In designing a production process or 
working out the sequence of produc
tion stages, particularly those which 
call for manual labor, one should ad
here to the following rules.

1. The movements of various wor
kers and individual techniques they 
apply to perform the same operations 
must be given due scrutiny to put into 

ractice the procedure that affords the 
est performance and causes the least 

fatigue. The task must be broken down 
into steps so that both hands should 
start on the job and complete it simul
taneously. The worker should not do 
with the hand anything that he can 
do with the foot.



Ta
bl

e 
6.

$.
 

R
ec

or
d 

F
or

m
 R

ec
om

m
en

de
d 

fo
r 

U
se

 i
n 

C
on

st
ru

ct
in

g 
th

e 
F

lo
w

 D
ia

gr
am

 t
o 

A
na

ly
ze

 a
 P

ro
du

ct
io

n 
P

ro
ce

ss

6.3. PREPARATORY STAGES IN EVOLVING THE PROJECT 327

Ch
an

ge
 t

o 
be

 m
ad

e dAOJdmi

auiquioo

OAomai

sjiBd jo jaquinM

uiui ‘uoijBina

in ‘aouejsia

SuisnoqaiBA\. ooo
ABia<3 + + +

3UTit8AU00 t t t
O

pe
ra

tio
n AJBiuxny

uibw
ooo

da;s ssaooJd

j a q u i n u  iB U ip iQ

dAOJduii
a> eo
SB auiquioo
Cfl «

S" 9AOUI0J

sjJBd jo jaquinM

uiui ‘uoqBina
ui ‘aouBjsia

3uisnoq8JBAl OOO
B̂iaa + + +

3uiA0auoo t t t
c
o
-f*

AJBnixny

a)aO uibk
o o o

dajs ssaooJd

jaquinu iBuipJO.\
-

N w



328 CH. 6. ROBOT WORK CELL OPERATION

Table 6.4.  The Flowchart of Tasks Done in Machining Shaft-Type Workpieces
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Note

Current production process
+ A 4 + Install automated

1 Lay on rack o V rack with feeder 
of pieces to cut

2 Store on rack o a -> ting-off area

3 Suspend from telfer o + 0
A

2

4 Transfer to cutting- 
off machine

o 0 + 0
A

5 Remove slings o -> + 0

6 Cut lengthwise 0 + 0
A

+ Change for NC 
machineo -> + 07 Place in container

A

+ Use IR No. 1

8 Wait for transport o a H> 0 - Use conveyor or 
other automatic
transport9 Transfer to cente

ring-milling machi
ne No. 2

o a + 0
+

10 Wait for operator o 0 -t> 0 - Use IR No. 2

11 Position workpiece 
into machine o ->+0 +

12 Work on machine 
No. 2

a ->+ 0 13

13 Control operation o ->+ 0 12 + Use IR

14 Remove part and 
place in container

o -0+ 0 13 + No. 2

15 Wait for transport o a 0 - Use automatic 
transfer arrange
ment

16 Transfer to lathe 
No. 3 o a + 0 +

17 Wait for operator o <J N- - Use IR No. 3

18 Place pai;t into lathe o / -> + 0 +
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Table 6.4. (continued>
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19

20

Work on lathe No. 3 

Control operation o

0 ->

-> +
 

+
o

 
o

25 Use NC machin
ing center to com
bine operations- 
19 through 25

21 Remove part and 
place in container

o -> + 0 -

22 Wait for transport o a -t> 4- 0 -

23 Transfer to lathe 
No. 4 o a / + 0 -

24 Place part into lathe o
/

( -> + 0 -

25 Work on lathe No. 4

<
<] -> + 0

19

26 Control operation o -> + 0 + + Ensure automatic 
control over ma
chining operation

27 Remove part and 
place in container

o < + 0 + Use IR No. 3

28 Transfer to machine 
No. 5

o c
'1 r

+ 0
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Table 6.4. (continued)

Suggested product] on process

1 Lay on rack o

•i>

+ 0 NC machine with 
automatic rack 
and feederKeep on rack of NC2 o amachine

3 Cut lengthwise " c f -t> + 0

4 Place in container o -> + 0 IR No. 1

5 Wait for transport 

Transfer to machine

o a 0 Automatic feeder 
must be made 
equal to the Job6

o a + 0

7 Position part into 
machine o -> + 0 IR No. 2

8 Work on machine a -> + 0

9 Control operation, 
remove part, and 
place in container

o -> + 0 IR No. 2

10 Transfer to machine 
No. 2 o a + 0 Automatic truck

11 Position part into 
machine o -> + 0 IR No. 3

12 Work on machine 
and control a -> + 0

13 Remove part and 
place in container. o -> + 0 IR No. 3

14 Transfer to ’machine 
No. 5 o a ] + 0 Automatic truck
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2. The workplace layout must allow 
the worker to sit or stand at will in 
a convenient posture and afford an 
easy reach of controls, tools, and 
parts. The workplace must be ade
quately lit.

3. The process analysis must be 
done with a view of finding the ways 
to automate the delivery of parts to 
the workplace, equip it with power 
tools, improve working conditions, 
and secure safety in operation.

Process design follows the stages of 
the preliminary analysis and choice 
of the metal-working and auxiliary 
equipment, means of mechanization 
and automation of operations in accord
ance with the general regulations.

The symbolic representation of a pro
duction process permits a concise 
description of the essence of operations 
without wording. By simultaneously 
coding the operations, the engineer 
can analyze any production process 
on a computer 27.

The block diagram of a robotic pro
duction system includes a principal 
layout of the process described in the 
symbolic manner. After working out 
a few block diagrams and comparing 
them, the most efficient variant can be 
chosen which forms the basis for the 
development of the layout diagram 
of a robotic system and then the 
project for the construction of the sys
tems (see Fig. 6.3).

Volume of work to be done prepara
tory to commissioning robotic produc
tion systems. The schedule work under
taken to prepare a robotic system for 
service embraces design, equipment 
production, industrial organization, 
personnel training, and control pro
gram development procedures.

Design, technological, and organi
zational procedures have a number of 
objectives:

— design a production process to 
specifications to turn out the preas
signed list of parts and develop pro
grams for training the robot to handle 
the given parts;

— develop the robotic cell layout, 
design and manufacture auxiliary 
equipment, lifting-and-conveying fa
cilities, orienters if necessary, instru
mentation, and machining attach
ments;

— modernize production equipment 
according to design plans and speci
fications;

— design and produce a power 
supply and control cabinet to inter
face the production equipment with 
the robot, a command controller, 
special end effectors if need be, tools, 
jigs, and fixtures in compliance with 
the basic operating requirements to 
make it possible to automatically 
control the grasp on an object, cor
rectly locate parts, etc.;

— design and fabricate the safety 
system to protect attendants and stop 
the robot if a man enters its work area;

— develop the system of control 
over the dimensions and surface finish 
of machined parts;

— develop the system of delivery of 
workpieces to the robot work cell and 
removal of finished products;

— choose standard boxes or design 
and manufacture special pallets and 
storage units to convey the finished 
products from the robotic cell;

— design and fabricate the system 
of chip removal;

— work out the system of operation 
and maintenance of the equipment;

— draw up pertinent instructions 
and lay out the services such as 
electric power, air, and cooling liquid 
supply lines;

— install and assemble the equip
ment in keeping with the adopted 
layout;

— set up and try out the robotic 
cell in the debugging conditions;

— put the robotic cell on stream as 
prescribedby acceptance specifications.

The operator’s workplace in a robot 
work cell must be complete with 
control and display devices to keep 
a watch on robotic cell operation, the 
emergency system to shut down the 
entire cell and its constituent elements 
and the communication system to 
link the control unit with auxiliary 
services such as tool supply, repair 
and supervisory control services. Du
ring his shift the operator enters the 
idle time, failures, if any, etc. into 
the equipment performance log com
prising strung form sheets adopted 
by the plant management.

The robotic cell must be properly 
laid out to achieve the following:
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— enable the robot to execute its 
motions in a prescribed manner;

— arrange in the most optimum way 
the production and auxiliary equip
ment within the robot’s work enve
lope;

— provide an easy access to the 
entire equipment for its servicing 
and repair;

— enable the operator to watch 
the operation of the equipment with
out approaching the robot work 
area;

— ensure safety in operation in 
accordance with the adopted safety 
regulations;

— arrange the equipment at such 
distances from the posts of passages 
and driveways as prescribed by perti
nent specifications on design of engi
neering plants.

Training of operators, maintenance 
engineers, electricians, and other wor
kers for servicing robotic cells is 
brought about in accordance with a 
unified program developed in each 
branch of machine engineering. Persons 
who have not completed the special 
course of training cannot be allowed 
to service robotic systems.

Preparation of control programs for 
the robot and production equipment

Jiroceeds in accordance with the regu- 
ations adopted at a given plant.

Repair and maintenance. With the 
application of robots, the repair and 
maintenance service acquires a greater 
importance since failure of a piece 
of equipment in the automatic system 
may disturb the steady run of the 
entire production process. This is 
particularly the case with robots that 
tend a group of machines.

Maintainability is an essential 
characteristics to be built into a robot. 
It defines the robot’s operational relia
bility within a given period of time 
through the timely detection and 
prevention of the causes responsible 
for failures, using for the purpose the 
means of information on the perfor
mance of the robot and peripheral 
equipment.

The content of repair and mainte
nance operations here coincides in prin
ciple with that specified in pertinent 
standard instructions for operation of 
electrical engineering and electronic 
equipment, hydraulic and pneumatic 
systems. Particular attention should 
be given to checks on the safety 
system and timely removal of malfun
ctions. These checks are done not 
rarer than once a week according to 
the maintenance schedule approved 
by the plant’s chief engineer. The 
performance and status of the robot 
on the whole are judged from the 
results of periodic tests.

The repair complexity and the time 
to repair of a robot should provisional
ly be estimated on the basis of the 
robot design characteristics in analogy 
with NC machine tools using the 
table that defines the repair comple
xity indexes for certain models of 
machines.

The relative unit of cost of repair 
depending on the repair complexity 
can be found from the table of costs 
on the repair and maintenance of 
metal-cutting machine tools up to 
10 t in mass. Repair and maintenance 
costs on robot control systems are 
defined separately from pertinent ma
nuals.



Chapter 7

Robot Design 
Recommendations

7.1. INITIAL DESIGN DATA

Initial data for robot design are 
taken from the customer’s list of 
data for working out specifications 
on the robotic system design or from 
the customer’s robot development re
quest that contains information on 
the expected field of robot application 
and robot design requirements.

The initial design data must include 
the following:

— the purpose the robot has to 
serve, proceeding from the character 
of the production process, list of pie
ces of the robotic cell equipment 
and the design and performance para
meters of this equipment, type of 
objects of manipulation, operations 
to be done by the robot, and the 
character of manipulation actions;

— an object of manipulation, its 
mass, size, and shape, changes, if any, 
in its physicochemical properties du
ring machining and manipulation, 
and features specific to the object 
in question;

— desired performance characte
ristics of the robot, such as the work 
cycle time and speeds for robot moti
ons;

— production process characteris
tics essential for the robot design, in
cluding the end effector repeatability 
limits determined by the process 
accuracy requirements (for manufac
turing robots) and accuracy require
ments on the location of a part in 
the jig (for handling robots), design 
and performance parameters of peri
pheral equipment, number of work 
stations- and their layout, ways of 
delivery of a part to the robot pick
up position and removal of the part 
from the robot work area, and additi

onal requirements described in Chs. 5 
and 6 ;

— the customer’s specifications on 
individual design and performance 
parameters of the robot and on the 
robot blocks and mechanisms;

— service conditions involving the 
temperature, humidity, pressure, dust 
and gas contents of the environment, 
contents of aggressive and radioactive 
substances, intensity of vibrations and 
impact forces, operating reliability 
of the robot, its repair and setting-up, 
and the skill of attendants;

— industrial safety requirements 
worked out in accordance with the 
recommendations set forth in Gh. 6 ;

— tentative technical-and-economic 
indexes estimated as prescribed by 
recommendations presented in Ch. 5.

The customer must compare the ini
tial data and technical specifications 
on a new robot with those on analo
gous designs available in practice 
(see Gh. 4) so that he can substan
tiate the need for the development 
work in his request for the proposal.

7.2. CALCULATION 
OF BASIC DESIGN AND 
PERFORMANCE CHARACTERISTICS

The load capacity for a new design 
is chosen proceeding from the data on 
the robots of similar types. The rated 
payload must be in excess of the load 
the robot has to handle by at least 1 0 %.

The size of the robot work area must 
be consistent with the size, shape, 
and layout of each work station and 
the entire shop section the robot has 
to service, and also] with the methods 
by which workpieces are fed to and
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View A
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0 (a) 0 0 (b)

0

F ig . 7 .1 . Schem es of load ing m achine tools
(a) center or center-chuck machine: (b) chuck 
machine; (c, d) face lathes loaded from left 
and right; (e) two-carriage face lathe loaded at 
front; (/) vertical lathe; (g) vertical drilling 
machine; (h ) vertical milling machine; (ii hori
zontal milling machine; O, position of work- 

piece at machine; (a) through (e) horizontal-spindle machines; (/) through (i) vertical-spindle 
or horizontal-table machines

removed from the work area of the 
robot.

The number of axes or degrees of 
freedom (also referred to as articu
lations) tnat a robot may require lar
gely depends on the function the ro
bot must perform, scope of its mani
pulation actions, size of the work 
area, and the selected functional 
block diagram;

*1 =  % +  Tlgr +  Ugl 
where %, and r)gi are axes of 
freedom that are necessary for the 
robot to perform respectively fine 
motions (orienting or local motions 
of the wrist), gross motions (motions 
of the arm), and global motions (“out

side world” motions of the robot as it 
rides a track and moves from one 
work station to the next).

The number of articulations pro
vided for a manufacturing robot de
pends on the scope of manipulation 
actions needed to perform basic pro
duction operations. A robot may 
have two to four or sometimes 
more articulations rjf in the wrist to 
execute fine motions; the governing 
factors that determine the number 
are the desired positional accuracy 
and the need to automatically rep
lace end effectors or tools. To carry 
out gross motions, a robot can require 
three or more degrees of freedom, Tjgr. 
A mobile robot riding a track can
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Table 7.1. Technical Requirements and Factors Which Determine the ( holer of the 
Number of Axes of Motion

Requirement and factor V

Need to transfer object from position to position, turn over, 
etc. during machining +
Need to locate object in proper orientation at loading, unloa* 
ding, and storage positions +
Arrangement of workpiece fixture in the machine work area 
and principle of action of fixture + +
Shape, size, and layout of work stations +
Layout of workshop section and number of work stations +
Robot coordinate system and functional block diagram + +
Automatic replacement of end effectors, cleaning of datum sur
faces of parts and machine, etc. + ' + +

have two or less degress of freedom, 
r]gj, to perform global motions. Ana
lysis shows that manufacturing robots 
(MRs) and universal robots (URs) 
require a total of five to eight degrees 
of freedom.

The factors that determine the 
number of axes of motion for an HR 
are the purpose the robot must serve, 
shape, size, and layout of each work 
station, the number of stations, and 
other factors (Table 7.1).

Figure 7.1 shows the schemes of mo
tions a robot executes as it loads 
a workpiece into and removes the part 
from the machines of various types. 
To load/unload one machine tool of 
any type, a robot needs not less than 
two axes of motions, r\ =  r)gr =  2. If 
the gripper requires an independent 
articulation to place a workpiece 
into the fixture of a machine, then 
*1 =  'Hgr +  'Hf — 2  +  1- The gripper 
may require one more articulation if 
there is a need to relocate the work- 
piece. In servicing one or a group of 
machines of any type shown in Fig. 7.1, 
a robot may require r]gr =  3  and 
T]gi =  1 and a total of up to 6  axes of 
motion.

Commonly, the wrist provides up 
to 3 articulations if it does not per
form additional functions. The num
ber of articulations in the wrist depends 
on the selected coordinate system 
in which the robot performs its gross 
motions. For robots operating in the

polar spherical coordinate systemr 
the wrist as a rule must offer motions 
labelled roll, pitch, and yaw to locate 
correctly a workpiece in the fixture of 
a machine. A rectangular coordinate 
robot can have t] =  r)&r +  r|f =  2  +  
+  ( 0  or 1 ).

The choice of arm articulations- 
needed to generate gross motions large
ly depends on the shape, size, and 
arrangement of the work area of 
equipment and also on the relative 
position of surfaces bounding the work 
area. By the shape and arrangement 
of work areas and directions of pos
sible motions of the object being' 
handled in loading into and removing' 
from a machine, all pieces of equip
ment may conditionally be broken 
down into 11 categories (Table 7.2). 
All work areas from the first (code 20) 
to the last (code 1 2 0 ) offer a gradually 
decreasing possibility for the robot 
arm to enter the work area in the 
direction of coordinate axes. The point 
of intersection of coordinate axes 
coincides with the center of symmetry 
of the fixture, and the x-x axis runs 
normal to the front of a machine. 
The number of coordinated gross moti
ons needed to transfer an object of 
manipulation into the work area also 
depends on the selected coordinate 
system and can be equal to 1 to 3. 
The shapes of work areas of equip
ment, as depicted in Table 7.2, serve 
to illustrate the way in which a coor-
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a double-link-arm robot

2 1 3

Fig. 7.3. Scheme for calculation of the posi
tional errors caused by the end link of the 
robot arm in loading a shaft into the center 
lathe (a) and a flange into the chuck lathe 
( b )

I, workpiece; 2, lathe centers; 3, points of 
location of workpiece in gripper; 4, chuck 
Jaws

dinate system can be chosen for the 
robot to execute basic (gross and fine) 
motions.

The coordinate system and the 
functional block diagram of a robot

are chosen proceeding from the princi
ple of minimization of the number of 
articulations necessary for the robot 
to perform its function. The choice is

f;overned by the size, shape, and 
ayout of work areas (see Table 7.2) 

and also by the number and layout of 
work stations. To reduce the number 
of articulations it is necessary to 
combine a few types of movement in 
one motion. For example, the motion 
of a carriage running on a monorail 
can permit the robot to skip over some 
of the fine and gross movements.

The trajectory of an object of ma
nipulation is sought by tracing out 
the shortest route of motions at the 
least number of the axes of freedom. 
The choice depends on the shape, size, 
and location of the work areas of equip
ment, the number of robotized work
places, the layout of the entire 
shop, the method of delivery of 
a workpiece to the load position, 
and the workpiece orientation in the 
pickup position. With the path of 
shortest motions having been chosen, 
the procedure reduces to refining the 
functional block diagram and estima
ting the working strokes and relative 
motions of individual arm limbs, and 
also the relationship between the 
lengths of these limbs. In deciding on 
the length of strokes, it is well to 
strive to increase the reach of a robot 
within the framework of the adopted 
approach so that the robot can tend 
a larger work area of the equipment. 
For robots executing motions in the 
cartesian and polar (cylindrical or 
spherical) coordinate systems, an in
crease in the length of the arm’s 
strokes is directly proportional to 
the work area and space occupied by 
the equipment. The work envelope of 
multi-link-arm robots operating in 
the angular (cylindrical or spherical) 
coordinate system depends on the 
relationship between the lengths of 
arm limbs and relative angular moti
ons of these limbs. For double-link- 
arm angular coordinate robots, 26 rela
tive angles of revolution, a  and p, of 
links should be taken to lie within 
90 to 120° (Fig. 7.2). The initial 
angle P« between the links equal to 
120-150* is considered to be optimum. 
The forearm r2 (end link) must be
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longer than the upper arm rx (base 
link) by 15 to 30%.

The speeds of an end link along 
individual axes are set up in accor
dance with the selected path of an 
object of manipulation, workshop lay
out, possible idle time of the equip
ment, number of arms and end grip
pers.

Positional accuracy defines the re
quired accuracy of execution of basic 
operations or, which is the same, the 
maximum positional error that the 
end effector can still tolerate and 
correctly locate a workpiece in the 
fixture of a machine. In each parti
cular case, the permissible linear 
error Hr A mm or angular error 
+  a° of a robot’s end link can be 
found from calculations or by using 
the method of tracing.

For cylindrical workpieces loaded 
into center or chuck lathes, the devia
tion of the workpiece axis of symmetry 
from the lathe spindle axis should not 
exceed d0 at which it is still possible 
to locate the workpiece correctly and 
fasten it reliably in the chuck or bet
ween the centers of the machine 
(Fig. 7.3). Otherwise the centers will 
not get into the center holes of the 
shaft (workpiece) or the jaws that 
clamp the shaft in the chuck will hea
vily displace the shaft with respect to 
the spindle axis. If the actual displa
cement of the shaft axis exceeds the 
permissible value, the lathe will not 
secure the required finish accuracy or 
the shaft will slip out of the fixture.

The relationships between the posi
tional error components and permissi
ble displacement of the part axis 
with respect to the spindle axis for 
center and chuck lathes take the form

A <  d0 — tan a

^  ^max
The compliance of a robot’s end 

link to compensate for workpiece 
displacement in the fixture due to 
a positional error is

[d0 — A )ISL
where S is the safety factor accoun
ting for dynamic load; and L is the 
load capacity of a robot.

The operating duty of a robot de
pends on its degree of loading, utili
zation factor, pnd the rate of swit
ching of mechanisms. The degree of 
loading is defined by the load ratio

^ 1  =  LmlL.
where Lm and L are the mean working 
load and load capacity of the robot 
respectively.

The utilization coefficient for a ro
bot is

£ ut =  ^op/^est
where Top is the operating time per 
year; and Test is the estimated usage 
time per year.

The switching rate is indicative of 
the mean number of steps accompli
shed during the work cycle by swit
ching drives or changing their mode 
of operation in a minute. As recom
mended in work 28, given the values 
of the above coefficients, the operating 
duty of a robot is set up and then 
allowed for in further calculations 
by a load index I \  specified for the 
duty in question (Table 7.3).

Robot drives comprise power motors, 
transmission mechanisms to drive ro
bot limbs, and amplifying-converting 
devices which respond to signals from 
the control system and from sensors of 
the robot and peripheral equipment 
and produce the desired control effects. 
The choice of the type of drive (see 
Ch. 4) depends on the amount of power 
required to generate requisite motions, 
the method of control and adjust
ment, type of production process, 
requirements of fire safety and explo
sion proofness, protection against vari
ous disturbances, required response 
of mechanisms, load capacity, etc.

The choice also depends on the drive 
layout which can be of the three 
types: an arrangement made as anjinte- 
gral assembly which is typical of 
electric drives; an arrangement having 
its actuators fitted to robot links; and 
a composite arrangement combining 
the features of the first two types.

Control systems are either chosen 
from the list of commercially avail
able types or specially designed to meet 
the functional requirements of the 
robot and its service conditions. The 
mainffactors that'determine the choice

22 *
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Table 7.3. Factors Determining the Types of Duty for Robots28

Duty Load 
ratio, i?j

Utiliza
tion 

coeffici- 
ent, Cut

Switching
rate,
1/min

Load 
index, I j Robot application

Light 0.6
0.3

0.15
0.25

<  50

1.1 Warehousing

Medium 0.9
0.6
0.3

0.15
0.25
0.40

1.2 Servicing of die casting machi
nes, machine tools, electropla
ting shops; execution of assem
bly and warehousing tasks

Heavy 0.9
0.4

0.3
0.7

50-100 1.3 Servicing of presses; paint 
spraying

Extra
heavy 0.9 0.8 > 100 1.4 Point welding

of a control system are the method of 
positioning of slave mechanisms, meth
od of data representation, number of 
controlled axes, and memory capacity.

Means of information (see Ch. 4) are 
chosen with consideration for the type 
of drive, control system, and data 
representation method, which in turn 
depend on the robot function, service 
conditions, and industrial safety con
ditions.

End effectors and tools are built in 
compliance with the design parame
ters of an object of manipulation and 
the conditions for execution of hand
ling tasks (see Ghs. 4 and 5).

Special requirements of robots stem 
from the type of manufacturing process 
and equipment, volume of production, 
service conditions, etc.

7.3. ROBOT DRIVE DESIGN

The design procedure has a few 
objectives: analyze the functional
block diagram of a robot; select the 
drive layout diagram, drive system, 
and drive motor for each axis of 
motion; calculate kinematic chains, 
transmission ^mechanisms and their 
elements.

The functional block diagram of a 
robot. The kinematic analysis relies on 
the methods of analysis of differential

gears M9. The designer determines 
transmission ratios, clarifies the ki
nematic relations between individual 
links, establishes the character of 
relations between individual drives in 
operation, and estimates the speed of 
the arm’s end link. The static analy
sis of a kinematic chain involves the 
use of the methods of kinetostatics 1 »30 
to determine the resultant of all forces 
acting on each link of the kinematic 
chain in motion. For this, the end 
link is subjected to an external force 
(moment) at the point where it con
nects with the gripper, and the dri
ving link is made to experience a co
unter-balance .moment to keep the 
mechanism in equilibrium. For jiach 
link an equality is set up: P t =  Qi +  
+  ~Pgi +  Pij. Here Qt is an external 
force; P gi is the_force of gravity of 
the link; and P a is the inertial 
force estimated by the law of motion 
of the mechanism. The obtained resul
tants Ply P 2, . . ., P t are taken as ex
ternal forces and the mechanism- is 
considered to be a stationary system, 
the force analysis of which is done by 
the laws of statics using equilibrium 
conditions for each link: 2 P =  0  and 
2JW =  0. The analysis results are 
then used to determine the static-load 
induced moments and forces corrected 
to the shaft (rod) of the drive motor.
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The kinematic chains of a robot 
must enable the end link to approach 
the given point in the work area and 
perform fine motions, cancel the 
effect of one chain on the other, rule 
out the possibility of spontaneous 
motions under the action of external 
forces, balance out links and thus 
reduce drive motor power demands.

To cancel the effect of one kine
matic chain on the other in a robot 
having its actuators arranged in a com
mon block, a one-to-one correspon
dence should be set up between the 
rotation of the *th link in the ?zth 
joint through an angle (p* and the 
rotation of the shaft of a corresponding 
motor through an angle o f T h e  inter
relation between the kinematic chains 
is given by the matrix of partial 
transmission ratios 31:

t y  l t y  1
t y i t y  n

ty*
t y i t y i ty n

d'l’n dip 7i dll?7i
t y l t y i ty n

where the ith column elements are 
transmission ratios for a single-axis 
mechanism with all angles cp kept 
constant apart from cpt (i =  1 , 2 , . .  .). 
The necessary and sufficient condition 
for isolation of kinematic chains is the 
diagonalizability of matrix T. To 
obtain this condition, a kinematic 
chain must contain special equalizing 
differential mechanisms.

Equalizing mechanisms serve to 
compensate for the effect of static 
moments due to the mass of links 
and to reduce motor power demands. 
These mechanisms are used in those 
robot designs where actuators are set 
up directly on movable links. The 
equalizing mechanisms are spring 
compensators, weight equalizers, hyd
raulic and air cylinders.

In spring compensators, the moment 
M e due to the elastic force of a com
pensating spring depends on the 
location and rigidity of the spring, 
and the current position of the link.

Weight equalizers (balance weights) 
are simple in design but highly inerti

al. The inertial moment is equal to

•̂ eq =  # 2

where J 0 is the inertial moment of 
moving members; G is the equalizer 
mass; g is the gravitational constant; 
and R is the distance from the axis 
to the center of gravity of the equali
zer.

The electric drive is chosen on the 
basis of the following factors: the re
quired dynamic characteristics during 
start-up, deceleration, and load cha
nges; speed adjustment range; type of 
the desired mechanical characteristic 
of operation in time and the desired 
stability of operation; rate of swit
ching of the drive mechanism. The 
techniques of electric drive design 
are set forth in work 29.

To select a dc motor, the following 
initial data must be available: the 
angle of rotation of a transfer mecha
nism shaft, cpm (rad), corresponding 
to the maximum movement of the 
link; operating time, t0p and idle 
time, t0 (s); work cycle time tc =  
=  *op +  V> inertial moment of the 
slave mechanism, / m (kg m2); static 
moment due to load on the output 
shaft, M s (N m). The calculations are 
made proceeding from the minimum 
value of the required motor torque.

The diagram of speed changes is de
fined by the quanti ty £ : at I =  0 , 
the diagram has the shape of a trian
gle; at |  0 , the diagram is trapezo
idal in shape.

The coefficient describing the para
meters of a slave mechanism and the 
mode of operation is

p, =  4(pm/ m/fopMs =  ^max d
Table 7.4 lists the parameters which 

are used to plot curves and estimate 
the coefficients characteristic of the 
optimum mode of operation:

*m =  / foO. I  =  / (H)> 
M em/M s =  f  (n)

where Mem is the electric motor torque.
The obtained data permit us to 

estimate the steady speed (rad/s) of 
the intake shaft of the mechanism:

w m =  2q>m /U o p  (1 +  D]
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Table 7.4. Characteristics of Robot Slave Mechanisms

n
6-= 0 § *  o

M emIMs ^opt Mem/Ms

0.56 0.76 1.31 0.57 0.67 1.24
1.13 0.59 1.70 0.46 0.52 1.57
1.69 0.47 2.14 0-41 0.41 1.97
2.25 0.39 2.59 0 39 0.34 2.40
2.77 0.32 3.11 0.37 0.29 2.85
3.11 0.29 3.42 0.36 0.26 3.13
4.67 0.21 4.76 0.35 0.18 4.48
6.23 0.15 6.54 0.34 0.14 5.86
7.78 0.12 8.34 0.34 0.11 7.26

The equivalent power (W) of the 
mechanism is given by

=  % ^ s  ( M em /^ s) V  *op/*c

Using the design values of Pm, one 
can select electric motor ratings: 
Pl (kW); toem (rad/s); / em (kg m2).

Applying the condition of consis
tency of speeds of the electric motor 
and slave mechanism, it is easy to 
select the transmission ratio for a re
ducer: i =  coem/(Dm.

The parameter |x2  is found with 
due regard for the motor’s inertial 
moment, but disregarding the reducer 
efficiency:

M's =  M (^em*2 AnV^m
The graphs plotted from the data 

of Table 7.4 allow us to refine the 
values of g, M em/M s, and km =  
=  Afmax0 /M s which describe the op
timum mode.

An accurate value of the equivalent 
power of the drive is found from the 
expression

^  =  wm ^ s !(^ e m /^ s)  V^op/*.

An accurate value of the equivalent 
torque of the motor is given by

^ e r a “ ^ s  V t op/^c

v  l/"{(^em/^m) i2

v  + i } 2 ( i - ? ) + p y ( w o
The equivalent power of the motor is

The maximum torque of the motor 
takes the form

^em max
__ M  emMm) *2 [(^m ^)Aml ~f~ 1

ikm
The motor overload factor is

kov =  M em m ax^^em

The parameters so obtained are 
compared with the parameters of the 
selected electric motor and are used 
in further calculations if they satisfy 
the specified conditions.

The drives of industrial robots ope
rate in one of the two modes, a short- 
time operation or an intermittent ope
ration. In the short-time motoring 
case, the heating of'the motor does not 
impose limitations on the motor po
wer. In the intermittent case, the mo
tor torque should be higher than or 
equal to the torque determined from 
the conditions of thermal loss.

Hydraulic drive design involves 
the estimation of design parameters 
on the basis of the parameters charac
teristic of each axis of motion: linear 
velocity i;max, angular velocity (omax, 
load Fjnax, or moment M max. Given the 
values of the above quantities, the 
operating pressure of the hydraulic 
system is found from the following 
expressions:

for hydraulic cylinders,
P =  ^max^ 

for hydraulic motors, 
p =  2n Mm!lT/q
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for vane-type limited rotary hydrau
lic motors,

p =  8 Mmaxlzb (Z>2 — d?)
where S is the cross-sectional area of 
the piston, cm2; q is the specific 
capacity of the hydraulic motor, cm3 
per revolution; z is the number of va
nes; b is the vane width, cm; d and D 
are the vane-carrying shaft diameter 
and the inner diameter of the cylin
der respectively, cm.

The flow rate of a power fluid, cm3/s, 
is defined as;

for a hydraulic cylinder,

Q =  yraax5  

for a hydraulic motor,
Q =  1 («>max)/211) 

for a limited rotary motor,
p Omax b(D *-d*)
v  8  

For a robot executing composite mo
tions along the axes of freedom, the 
flow rate is equal to the sum total of 
the flow rates required to generate 
motion components.

The pumping unit must ensure the 
required power (kW)

N  «  10- 3 pQ
where p is the working pressure in the 
hydraulic system, MPa.

In designing hydraulic cylinders, it 
should be kept in mind that the 
length-to-diameter ratio should not 
be higher than 18 to 2 0  to avoid self- 
sustained vibrations.

Air drive design follows the guideli
nes presented in the literature of the 
subject, for example, in work 32. In 
preliminary calculations aimed at 
selecting air cylinders, the expression 
below will avail:

mF =  (jiD2/4) p
where F is the force on the cylinder 
rod; D is the cylinder diameter; p is 
the pressure in the pneumatic system; 
m is a coefficient to account for pis
ton packing; m =  1.5 for cup packing 
pistons, and m =  1.1 to 1.3 for metal- 
ring seal pistons.

At the preliminary stage, the desig
ner consults pertinent guides to select 
the most appropriate type of air cylin

der and then uses the design characte
ristics of the cylinder to implement 
the design by certain techniques, for 
example, as decsribed in work32.

To cushion the impact of the cylin
der rod against a stationary stop, use 
is made of hydraulic absorbers whose 
choice depends on what amount of 
energy they have to absorb in a cycle. 
The total energy of a moving mass is 
the sum of kinetic energy Wk and the 
energy needed for the drive to perform 
additional work, Wd:

w 2 = w iL+  w d
For a translational motion in the ho
rizontal plane,

Wk =  mvV2, Wd =  P dH h
For a rotary motion in the horizon

tal plane,
Wk =  /(D2/2, Wd =  M dH h/R

For a translational motion in the 
vertical plane

±  mgHh
In the kinetic energy calculation for
mulas given above to select a hydra
ulic absorber, the designations are as 
follows: m is mass, kg; u is the velo
city at the instant of impact against 
the absorber, m/s; P d is the force 
generated by the drive, N; is the 
braking length, m; J  is the inertial 
moment of the rotating mass, kg m2; 
0) is the angular velocity at the in
stant of impact against the absor
ber, rad/s; M d is the drive torque, 
N m; R is the radius of gyration, m; 
and g is the gravitational constant.

Pneumatic diaphragm-type power 
drives serve to generate small strokes, 
up to 60 mm. They are used in small- 
size constructions. The force acting 
on the rod can approximately be 
estimated by the formula33

P =  (jt/3) p (R 2 +  R r +  r2)
where p is the pressure in the pneu
matic system; R is the inner working 
radius of the membrane pinched 
around the perimeter; r is the radius 
of a circular rigid washer.

The ratio r/R is taken to lie bet
ween 0 . 6  and 0 . 8  to achieve the 
highest force on the rod.
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Fig. 7.4. Schematic diagram of a hydro- 
pneumatic drive

The use of a pneumatic diaphragm 
mechanism is permissible if the ma
ximum rod stroke does not exceed 0.24 
to 0.30 R  for flat diaphragms and 0.4 
to 0.5 R  for dish-shaped diaphragms.

Rotary pneumatic actuators that 
give limited rotary movements to 
robot mechanisms are chosen starting 
from the nominal torque on the 
output shaft, required angle of re
volution, and angular velocity.

In composite pneumohydraulic dri
ves, the pneumatic cylinder serves as 
an actuator with the speed and length 
of stroke controlled by the hydraulic 
system. This type of drive has limited 
applications in robot designs.

In composite hydropneumatic dri
ves, the hydraulic cylinder acts as an 
actuator. The use of pneumatic systems 
that provide the required pressure 
permits dispensing with hydraulic 
pump units. The schematic diagram 
of this type of drive is shown in 
Fig. 7.413.' Some robot1 models such 
as the Autohand and Tsiklon-3E 
use the hydropneumatic drive as 
illustrated in the figure. The compres
sed air serves as an energy source, and 
the hydraulic drive ensures the 
required force on the slave link. The 
pneumatic cylinder 1 produces a pres
sure p2 in the piston cavity of an inter
mediate hydraulic cylinder 2 which 
thus transmits power to an actuating 
hydraulic cylinder 3 to generate the 
desired motions of the robot’s wor
king mechanism. On the back stroke 
of the piston of the air cylinder 7t

the fluid moves from the cavity of the 
cylinder 2 into the cavity of the 
cylinder 3 , thus causing the back 
stroke of the rod of the latter cylinder.

The fluid pressure in the head ends 
of the cylinders 2 and 3 is

P2 =  P(DI/Dl)

The force on the rod of the cylin
der 3 is

p3 =  0.25p2Jl^8

Typical diagrams of composite dri
ves and the techniques of calculation 
of drive parameters are given in the 
literature of the subject13* 33.

7.4. SOME NOTES 
ON STRENGTH ANALYSIS

The features specific to the operati
on of robots include high speeds and 
acceleration of robot mechanisms, 
a large number of load cycles, concen
trated loads at overhangs, considera
ble changes in loads on structure 
elements during one cycle. But the 
requirements on the accuracy and 
rigidity of robot structures are much 
lower than for, say, machine tools. 
Since inertial forces account for an 
appreciable share of the total load 
on a robot, it is of paramount im
portance to strive to lighten the robot 
blocks as much as possible, use 
backlash-free guideways and trans
mission mechanisms, and correctly se
lect the drives for generating basic 
motions. Initial data lie at the root 
of robot designing since they enable 
the engineer to determine the main 
design and technological parameters 
of the robot and then improve these 
parameters in the course of further 
development of the project.

The strength analysis of the mecha
nical system of a robot must define 
the following:

— strength at permissible stresses 
for all structure elements under ma
ximum operating loads;

— durability during the specified 
service life for all basic members ex
periencing alternating loads;
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— ultimate strength for all struc
ture elements subject to loads during 
debugging and in emergency situati
ons;

— rigidity of the basic members of 
the robot’s mechanical system;

— vibration endurance of basic lo
ad-carrying elements, in particular

the arm’s end link, and ability to

— tip stability at operating and 
excess loads;

— strength of supports for a sta
tionary robot.
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Air actuators, rotary, 209
characteristics of, 209-213 
design of, 340-344 

Analog control systems, 20, 133, 215 
Applications, robot, 250

assembly, 146, 288-292 x 
die casting, 121, 258 
forging, 106, 264-275 
foundry, 121, 258 
heat treatment, 275, 276 
to machine tools, 277-288 
material handling, 307 
painting, 135, 301-303 
plastic molding, 273 
stamping, 264-270 
trimming, 273 
warehousing, 307 
welding, 124, 294 

Arm links, 14, 17 
Arms, robot, 15, 127, 131 

anthropomorphic, 104 
Joints of, 14, 15 
multilink, 94, 98, 135, 136 
revolute, 15, 82, 132 
telescopic, 67, 77, 84, 94 

Assembly, 288
requirements on 

equipment, 290 
outfit, 290 
parts, 289 

robotic cells in, 291 
Assembly tools, 168-175 
Automated shop sections, see also Robotic 

cells,
assembly, 292 
machine tool, 277-288 

Automatic casting extractors, 47, 53, 258 
Automatic die lubricators, 46, 47, 258, 

characteristics of, 53 
Automatic ladles, 43-45, 258 
Automatic lines,

assembly, 288, 292, 293 
electroplating, 304 
flexible (nonsynchronous), 251, 292 
layouts of, using robotic cells, 274, 275, 

281
metal-cutting, 275-288 
metal plating,

characteristics of, 306 
nonflexible (synchronous), 250 
press work and forging, 273-275 
shell molding, i 262 

Automation, 42
auxiliary operations, 258 
casting extraction, 53, 258 
die casting, 42-47, 258-264 
electroplating, 304

elements of, 185 
forging, 106, 264 
foundry, 258 
hardening, 276
machine tool servicing, 55, 275-289 
material handling, 307, 308
painting, 302 
warehousing, 308 
welding, 294 

Auto-operators, 42-56
die lubrication, 46, 47 
ladling, 43-45
loading/unloading, 22-41, 49-51 

Axes of motion, see also Degrees of freedom, 
calculation of, 334

Centrifugal casting, 262 
Characteristics of robots, 66-128 
Circuit breakers, 185, 186, 221 
Clamping force, end effectors, 181-184 

algorithms for, 242 
Control program, definition of, 10 
Control systems, robot, 9, 20 

adaptive, 218 
analog, 20, 133, 215 
analog-numerical (hybrid), 215-218 
classification of, 216, 217 
closed-loop (feedback), 218 
continuous path, 20, 132, 196, 215, 224 

block diagrams of, 225, 227 
characteristics of, 226 

cycle, 20, 215, 219, 220 
block diagrams of, 220 
characteristics of, 221 

electromechanical, 215 
experimental, 228, 229 

characteristics of, 228 
fluidic, 229 
integral, 218
limited (fixed) sequence, 20, 215, 219. 
multilevel, 218 
nonflexible, 218 
numerical, 20, 133, 196, 222 

block diagrams of, 224, 225 
characteristics of, 223 
machine tool, 229, 230 

off-line, 218 
open-loop, 218
point-to-point, 20, 132, 133, 196, 222, 

223, 215 
robot performance, 246 
structure of, 11 
universal (composite), 215 

Coordinate systems, 16, 17, 57 
choice of, 335-337
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curvilinear, 16 
rectangular, 16 

Cost effectiveness, robot, 311 
calculation of, 311-313

comparison bases for, 311, 312 
Countries-manufactures, see Characteristics 

of robots

Degrees of freedom,
calculation of, 334 
definition of, 15, 21 

Diagnostic system, 248 
Die casting, 258

robots in, 258-264 
Die forging, 264 
Drives, robot, 185

characteristics of, 185-213 
design of, 340-344 
electric, 185-196, 341 
electrohydraulic, 197, 198 
hydraulic, 196-201 
pneumatic, 198, 209-213, 343 

Drop forging, 266 
robots in, 273

Electric drives, 185-196 
design of, 341 

Electric motors, 191-196 
characteristics of,

direct-current, 191-196 
induction, 191

high-torque, 193, 194 
Electrohydraulic drives, 196 

characteristics of, 
linear, 197, 198 
rotary, 198 

Electronic converters, characteristics of, 
187-190

End effectors, 8, 15, 28, 149
adaptable, 154, 166, 167, 183 
aligning, 160, 161 

air-driven, 158 
rack-operated, 159 

for assembly operations, 168-175 
attachment of, 175-177 
automatic replacement of, 177 
calculation formulas for, 178-180, 184 
centering, expansion bladder, 164, 165 
classification of, 149-153 
controllable, 154, 155 
design considerations for, 181, 182
designs of, 152, 154 
elastic chamber, 163-166 
fastening members for, 175, 176 
fixed sequence, 154, 162 
joints for, 175, 176 
linkage-operated, 157 
locating, 154

bending bladder, 165, 166 
magnetic, 162, 163, 183-185 
multilink finger, 183 
narrow-range, 158, 159 
program flowcharts for, 235 
quick-release, 154, 176, 177 
replaceable, 154, 175-177 
spring-actuated, 155, 156 
uncontrollable, 154, 155 
vacuum, 162, 163, 183, 184 
wedge-driven, 160 
wide-opening, 157, 160, 168, 171

Flowcharts for loading/unloading, 235 
Foundry, 258

robots in, 258-264 
Functional block diagrams, 17, 58, 336, 

elements of, 14

Grippers, see End effectors 
Guided-vane actuators, 215

Hands, see also End effectors, 
adaptable, 166, 167 
for assembly operations, 168-175 
attachment of, 175-177 
elastic chamber, 163 
vacuum cup, 163, 171 

Hydraulic cylinders (actuators), 196 
characteristics of, 197, 199 
linear, 197 

Hydraulic drives, 185-206 
linear, 197, 203-206 
rotary, 197-205 

Hydraulic motors, 196 
characteristics of, 197 
rotary, 198, 200-202 

Hydraulic shock absorbers, 207 
characteristics of, 207, 208 
design of, 343

Industrial robots, see Robots 
Information systems, 12, 13, 142, 230-249 

classification of, 232-233 
detection and ranging, 241 

application of, 244 
optical, 241-243 
ultrasonic, 241 

tactile, 230 
visual, 230

tasks done by, 231 
Interlock system, 247, 248 
Investment casting, 262

Joints, 14, 15
quick-release bayonet, 176, 177 
for replaceable end effectors, 175

Lathes, robot application to, 280-289 
Limit switches, 13, 215

fluidic, characteristics of, 214 
Linking element, definition of, 8 
Links, arm, 14, 15
Load capacity, robot, definition of, 20 
Location systems, ultrasonic, 241

Machine tools, robot application to, 277- 
288

Magnetic pickups, 151-153, 162, 163, 185 
Magnetic starters, 186 
Maneuverability, robot, definition of, 16 
Master element, definition of, 8 
Material handling, 307, 308 
Mechanical systems, robot, 13, 15 

layouts of, 129, 130, 141 
Mobile lifters, 22

characteristics of, 23
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Mobility, robots, definition of, 21 
Manipulators,

application in
die casting, 42-53 
forging, 25, 35-41 
loading operations, 22-41, 49-51 
machine-tool servicing, 49-51 
stamping, 48, 54 
warehousing, 23 
welding, 41 

automatic, 8, 42-56, 109 
interactive, 9 

classification of, 8 
definition of, 8 
floor-mounted, 49, 52 
handling, 55 
manual, 8, 22-41 
pick-and-place, 49 
Pirin series (PRB), 19-114 
special, 35

forging off-track, 41 
forging track-riding, 35-41 
tapping, 35 

universal, 22-41 
characteristics of, 23, 30-41 
designs of, 30 
end effectors of, 27 
models of, 22-41 
mounting of, 28 

Motion, robot, 60,61 
calculation of, 334 
fine, 15 
global, 15 
gross, 15

Numerical control systems, 20, 133, 196-
230

Object of manipulation, definition of, 8 
Object recognition, 237 

algorithm for, 238

Painting, robots in, 301
work station layouts for, 303 

Permanent-mold casting, 262 
Pickups, see also End effectors, 149 

elastic chamber, 153 
magnetic, 153, 162, 163, 183-185 

Plastic molding, 264, 272, 273 
Pneumatic drives, 185, 198, 209-215 

characteristics of, 209-213 
rotary, 209-213 

Positional error, 21 
calculation of, 339 

Potentiometers, 13, 215, 246 
Presses, in robotic cells, 269-272 
Production process design for robotic sys

tems, 325-332 
Program control systems, see Control systems 
Programming, 11
Project evolution for robotic cells, 321-332 
Protective devices, characteristics of, 186

Recommendations^ on
parts machined, 277, 278 
parts welded, 296, 297 
robot application in die forging, 265 
robot design, 332-344

Relays, 185
thermal, 186 
time, 215 

Repeatability definition of, 21 
Robots,

adaptable, 20, 142, 143 
Adam-02 (USSR), 144, 145 
ETL (Japan), 147
Hi-T-Hand Expert (Japan), 145, 14(> 
Sigma/MTG (Italy), 146, 147 

application of, see Applications, robot 
arms of, see Arms, robot 
assembly, 288-294 
block diagram of, 10 
characteristics of, 65-128 
classification of, 17-20 
control systems of, 9, 11, 215-246 
coordinate systems of, 16, 17, 57, 335 
drives for, 185 

electric, 185-196 
hydraulic, 196-209 
pneumatic, 209-215 

electromechanical, 67-129 
flexible,

definition of, 20 
floor-mounted, typical designs of, 66-137 

ASEA (Sweden), 136, 137 
6CH-arm (USA), 98, 137 
Coat-a-Matic (Sweden), 135, 136 
Fanuc (Japan), 105 
Fleximan (USA), 100 
Matbac IRs-10 (Japan), 132, 133 
MIT-Arm (USA), 99 
MIT-4 (USSR), 129, 131 
Puma (England), 101 
Sandstrand (USA), 98 
Stanford-Arm (USA), 99 
Unimate (USA), 134, 135 
Unimate Multiarm (England), 101 
Universal-5 (USSR), 130, 132 
Versatran (USA), 131 

functional block diagrams of, 148 
ground rail-riding, 148 
handling, 17, 307, 310, 333 
hydraulic, 68-122, 131 
information systems for, 12, 13, 230* 

249
interactive, MKII-2.5 (USSR), 148 
limited (fixed) sequence, 20 
manufacturing, 17, 310, 333 
mobile, definition of, 21 
model distribution of, as to 

arm reach, 63 
coordinate systems, 57-61 
load capacity, 62
number of control commands, 63 
number of motions, 61, 62 
work envelope, 64 

modular (integrated),
characteristics of, 65, 107-128 
classification of, 107 
design requirements for, 107 
Kawasaki Unimate (Japan), 112, 

114-116 
Linearsystem (FRG), 117 
JIM40R.00.00 (USSR), 109, 110 
MHU-junior (Sweden), 120, 121 
MHU-senior (Sweden), 119, 120 
Pirin (PRB), 109-114 

cantilever, 112, 113 
gantry 111, 113, 283

PR-02 (PPR), 118
Renault (France), 124, 126
Robitus RC (Japan), 122, 123, 126,

283
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Robots (continued)
PIIM-25 (USSR), 126-128 

layouts of, 126, 128 
Sciaky (France), 125, 126 

motions of, 10, 15-17, 60, 61, 334 
multilink-arm, 135-137, 138 
operating duty of, 340 
overhead, 

gantry, 111, 140-142, 283 
telfer (USSR), 137-140, 284, 305 

painting, 302-305 
pneumatic, 68-130, 215 
servo-controlled, 246 
special purpose, 302 
stationary, definition of, 21 
structure of, 9 
test of, 318-321
universal, 17, 258, 302-305, 311wplriintr 19A 9QQ
work envelopes of, 21, 57, 60, 61, 336 

Robot control, information for, 12 
Robot design, 339-344 
Robot economics, 310 
Robot groups, typical designs of, 129-142 
Robot motions, 10, 60, 61 
Robot work (robotic) cells, 251-332 

assembly, 291 
layouts of, 291, 292 

basic schemes of, 255-257 
core making, 262, 264 
die casting, 258 

layouts of, 260-275, 315 
makeups of, 259 

forging, 264-271 
machine-tool, 277-290

auxiliary equipment of, '281 
main types of, 281 
requirements for, 277 

project evolution of, 321 
flowchart for, 322 

PTK type (USSR), 273-275, 281 
safety systems of, 314 
spray-painting, 302 

layouts of, 303 
SR-10 (Japan), 276 
stamping, 269, 270, 275 
structure of, 254 
for transfer lines, 273-274 
Uniman-2000 (Japan), 276 
welding, 300 

layouts of, 300, 301 
Robot work cell operation, 314 

basic concepts of, 314-332 
Robotic production systems, 250-258, 273 

internal links in, 254 
process design for, 325 

analysis involved in, 324-332 
structure of, 251 
subsystems of, 252 

auxiliary, 253 
information, 252 
machining, 252 
quality control, 252 
tooling, 252 
transportation, 252 

Safety devices, 316 
Safety systems, 248, 314-317 

arrangement of, 314-315

Sensors
contact (tactile), 13, 143, 147, 185> 

arrays (matrixes) of, 234, 235 
tasks done by, 234 

contactless, characteristics of, 245 
digital, 13, 246
displacement, characteristics of, 239~ 

241
feedback, 13, 224, 226, 246 
fluidic, 243, 247 
force, 13 143, 237
induction, 13, 246, 249 
magnetic, 243, 245 
optical, 245, 246 
pressure, 240 
proportional, 235 

designs of, 236, 237 
proximity, 13, 143 
pulse, 246 
static, 246 
torque, 13, 143, 237 
variable-reluctance, 243 

Shell casting, 262 
Slave mechanisms, 15 

characteristics of, 342 
Stamping, 264-275 
Storages, 11

organization of, 12 
Strength analysis, 344 
Switches, see also Sensors, 13 

contact, 185, 186, 246 
contactless, 245, 247 
fluidic, 214 
pressure, 185 
static, 185 

Syncro resolvers, 224
characteristics of, 247

Tactile matrixes, 234-238 
Testing, robot, 318

requirements for, 318-320 
result, presentation of, 319 
types of, 318-321 

Transducers, see Sensors 
Transfer arms, see also Manipulators, 48r 

49, 309
Transfer lines, see Automatic lines 
Transportation, see Material handling and  

warehousing

Universal control systems, 215 
Universal manipulators, 22-41 
Universal robots, 17, 258, 302-311

Vacuum cups, 152-162, 171, 183, lg4  
Visual systems, 230, 231

Warehousing, 307
Welding, robots, in, 294
Welding positioners, 41
Welding tools, 295
Weldwork fabrication, 298
Work cycle time analysis, robox, 309>
Work envelope, 21, 57, 60
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